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ABSTRACT OF THE DISSERTATION
CAPTURE AND DENSIFICATION OF FLOATING HYDROPHOBIC
LIQUIDS BY NATURAL GRANULAR MATERIALS
by
Daria Boglaienko
Florida International University, 2017
Miami, Florida
Professor Berrin Tansel, Major Professor
Densification and submergence of floating crude oil is proposed as a novel oil spills
treatment method. Surface application of dry granular materials (e.g., quartz sand,
limestone) on top of a floating oil layer increases the density of the floating oil
phase/granule mixture and leads to formation of relatively large and stable aggregates with
significant amounts of captured oil. The aggregates separate from the floating hydrophobic
phase and settle by gravity. Implementation of this method will reduce the impact radius
of a spill and its mobility, preventing direct contamination of beaches, coastal flora and
fauna.
The major objective of this research was to examine interactions of particles with
hydrophobic liquid-water interface from different perspectives. The important
characteristics of the process, such as oil removal efficiencies, optimal particle-to-oil ratios
and particle size ranges, were experimentally defined. A series of experiments was
conducted to investigate aggregation and dissolution rate constants of the submerged
hydrophobic liquids in salt water and deionized water, and to study the impact of the
surface porosity of the granular particles on oil capture efficiencies. In addition to crude

vi

oil (South Louisiana crude, MC 252), aggregation volumes of quartz sand with other
hydrophobic liquids (alkanes and aromatics) were analyzed in relation to wetting
characteristics and physical properties of the liquids. A classification of the main types of
oil-particle aggregates was developed based on the formation characteristics of the
aggregates. Moreover, under specific conditions, depending on the application rates of the
granular materials, unique interactions of the particles with the hydrophobic liquid-water
interface were observed and defined (bowl formation and roping).
These concepts can be utilized to control surface mobility of floating oils, especially
during the initial stages of an oil spill, while the oil layer is intact, and when other treatment
methods may not be suitable near coastal areas, where transport of floating oils can
significantly impact coastal ecosystems.
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CHAPTER I
INTRODUCTION

Whenever there is an environmental issue – pollution, resource exploitation and
overuse, need for environmental protection and control – the methods we employ and
strategies we choose are based on a fundamental principle of proportionality to our own
needs and resources, thus, creating a demand for affordable solutions and accessible
technologies. In addition, the more environmental-friendly a solution is, the less trouble it
leaves behind, eliminating many possible negative consequences and expenses. This
dissertation discusses one such solution – environmentally friendly, inexpensive,
affordable, and accessible in any part of the world.
An oil spill is a kind of environmental issue that arises wherever drilling and
production, transportation and refining, delivery and distribution of oil occur. It is a
quotidian and ordinary event in the overall petroleum industry’s functioning and
development. It can be local within a factory zone or a pipeline area, or it can reach the
international scale, polluting the coastlines of several countries (e.g., Ixtoc I in the Gulf of
Mexico, 1979-1980). The ubiquitous nature of the petroleum industry, and petroleum’s
pervasive presence in numerous consumer products, makes oil spills a serious global
environmental issue.
Moreover, there are natural oil flows, so-called oil seeps, bringing oil up to the
seafloor or to the land surface; these stimulate significant natural biodegradation processes
at the particular area. Thus, localization and immobilization of an oil spill in order to
prevent its further spread and to avoid coastline contamination can be considered as a
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preferential strategy in oil spill response and mitigation. Aggregation of oil with natural
granular particles, such as quartz sand or limestone, is the process that captures, densifies
and transports oil from a floating phase to a submerged one, and it is the approach that
avoids the introduction of additional xenobiotic compounds to the marine environment. By
reducing the radius of a spill we avert the oil contamination of shoreline flora and fauna;
and by transporting oil to the bottom of a water basin, we rely on the natural biodegradation
processes, similar to the environmental fate of natural oil seeps.
The presented process can be used for an oil spill capture and mobility reduction
with the following recommendations: granular particles of the size range 0.1-2.0 mm in
average diameter; effective ratio is 2 g of particles to 1 g of oil; mixtures of particles should
be dry and applied at rates around 1.5 g/s and higher with no difference in capture
efficiency for fresh or salt water basins.
The main benefits of this method are its simplicity (application of a dry granular
material on top of a floating oil), availability (beach sand, pure quartz sand, and limestone),
and accessibility (common natural materials all over the earth, no manufacturing or
marketing needed). In addition, granules can be used for densification of any floating
hydrophobic phase (alkanes, aromatic hydrocarbons, silicone oils, machine oils, etc.).
This dissertation consists of seven published articles, each representing a chapter
(one of the articles is in the Appendix). The chapters answer the research questions that
can be generalized as follows:


floating oil capture efficiencies by different materials (Chapter II);



removal of floating oil as a captured and settled phase in comparison to oil
dispersion by Corexit dispersant (Chapter III);
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modeling of settling behavior of aggregated globules (Chapter IV);



aggregation volumes of hydrophobic liquids (alkanes and aromatics) with
quartz sand in relation to wetting characteristics (Chapter IV) and physical
properties of liquids (Chapter V);



aggregation coefficients and dissolution rate constants of the submerged
hydrophobic liquids in salt water and deionized water (Chapter V);



impact of surface porosity of the granular particles on oil capture efficiencies
and the optimal particle size range that allows effective aggregation
(Chapter VI);



classification of the main types of oil-particle aggregates (Chapter VI); and



occurrence of different submergence and aggregation patterns under varying
application rates of the granular materials (Chapter VII).

Additionally, factors that influence preferential positioning of the granular
materials at hydrophobic liquid-water interfaces were analyzed and are presented in the
Appendix.
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CHAPTER II
INSTANTANEOUS STABILIZATION OF FLOATING OILS BY SURFACE
APPLICATION OF NATURAL GRANULAR MATERIALS (BEACH SAND AND
LIMESTONE)
Boglaienko, D., and Tansel, B. 2015. Marine Pollution Bulletin, 91 (1): 107-112.
DOI: 1016/j.marpolbul.2014.12.020

Abstract
When granular materials are applied to hydrophobic liquids floating over another
liquid (i.e., water), particles form aggregates which can be separated from the floating
phase. This concept can be used for controlling mobility of floating oils, especially after
oil spills near coastal areas. The objectives of this research were to characterize oil capture
efficiency and determine effectiveness of particles for converting the floating phase to a
heavier phase for effective separation. Experiments were conducted with South Louisiana
crude oil contaminated salt water, limestone and quartz sand. Although the oil removal
efficiency increased with increasing amount of granular material applied, it did not increase
linearly. About 50% of the floating oil was removed by aggregates regardless of the
material used when granular material to floating oil ratio was about 1 g/g. The aggregates
separated had higher amounts of oil content when smaller amounts of granular materials
were added.
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Introduction
Addition of a small amount of liquid to dry granular particles changes their behavior
significantly as the liquid forms bridges between the particles. The process may be
described by induced cohesion between particles due to the surface tension of the liquid
(Fingerle and Herminghaus, 2008; Mitarai and Nori, 2006; Herminghaus, 2005; Iveson and
Vallance, 2001); as adhesion takes place due to solid and liquid bridges (Simons, 1996;
Rossetti et al., 2003); or by capillary forces (Abkarian et al., 2013); or due to free surface
energy changes (Bhushan, 2003). Similarly, the opposite process (i.e., adding granular
particles to liquid) also results in changes in the characteristics of the liquid when small
amounts of granular material are added into the liquid phase. The primary bonding
mechanisms between the granular particles and liquid include: 1. adhesion and cohesion
forces in the liquid phase molecules with granular particles; 2. interfacial forces in liquid
phase with granular particles; 3. formation of liquid bridges and coating of granular
particles; 4. attractive forces between granular particles and liquid molecules; and
5. physical interlocking of hydrophobic liquid by the granular particles due to surface
tension.
Researchers Abkarian et al. (2013) define such oil-particle aggregates as rafts that
are a close-packed layer of particles in oil formed due to long-range capillary attractions.
The raft sinks when the number of particles is large enough to compensate the lower density
of oil and the balance between buoyancy force and capillary force is changed.
Crude oil sedimentation by adhesion of hydrophobic liquid after collusion with
solid particles is a natural mechanism that can be utilized for phase separation of floating
oils. The phenomenon is similar to the interaction of suspended particles and their flux
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through the hydrophobic phase which occur in the environment. In muddy waters with
sediment concentration over 0.5 kg/m3, oil sedimentation may exceed normal dispersion
(Lehr et al., 2010). According to Payne et al. (1987), at suspended particle concentration
1-10 mg/L, no oil sedimentation occurs, at 10-100 mg/L, oil sedimentation happens in the
sufficient turbulence mixing, and at > 100 mg/L massive oil transport may occur. Payne et
al. (1987) developed a mathematical model for oil droplets and suspended particulate
matter interaction kinetics using an experimental setup consisting of a stirred tank with
suspended oil droplets and particulate matter. Two main mechanisms considered were the
interaction of oil sorption on suspended solids and oil collision with suspended solids.
Similarly, collusion of granular particles with a floating oil layer (rather than the dispersed
oil droplets) can be an effective mechanism for transformation of floating oils into an
immobile phase by utilizing the sticky nature of oil on the solid particles when the granular
particles mix with the floating oil layer.
For a highly hydrophobic liquid (e.g., oil) floating over another liquid (e.g., water),
addition of granular particles into the hydrophobic floating phase gradually increases the
density of the floating phase. As the hydrophobic liquid retains the granular particles,
particles form aggregates due to the cohesive forces as illustrated in Fig. 2.1. As the density
of the oil-particle aggregates reach a critical point, the oil-water aggregates separate from
the floating phase while retaining a significant amount of the hydrophobic phase as
presented in Fig. 2.2. This concept can be used for controlling surface mobility of floating
oils, especially during the initial stages while the floating oil layer is intact and dispersant
application may not be suitable especially near coastal areas where transport of floating
oils can significantly impact coastal ecosystems. Once the oil-particle phase separates,
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additional measures can be taken for remediation of the sediments or separation of the
aggregates as they form.
The objectives of this research were to determine:
1. Characteristics of granular materials suitable for capturing floating oils at sea;
2. Identify natural materials which can be suitable for controlling transport of floating
oils;
3. Determine suitable oil/granular material ratios in relation to particle size;
4. Characterize oil capture efficiency in relation to granular particle characteristics;
and
5. Determine effectiveness of natural granular particles for converting the floating
phase to a heavier phase for effective separation.
Experiments were conducted with South Louisiana Crude oil contaminated salt
water. Limestone sand with medium and fine particle sizes and quartz sand with fine
particle size were used. The characteristics of the granular particles were controlled by
sieving through No. 4, 16, 50, and 270 sieves. The oil-particle aggregates were separated
by filtering the solutions through a coarse fiberglass filter to determine the capture
efficiencies of the granular particles in relation to the oil-particle ratios (w/w).

Figure 2.1. Formation of oil-particle aggregates.
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Figure 2.2. Transitioning of the floating oil phase from stable raft to unstable raft phase by
addition of granular particles.

Theoretical Analyses
The rate of collision and adhesion of an oil droplet onto a suspended particle to
produce an oil-particulate agglomerate (i.e., loss or settling of free oil droplet) can be
estimated by the following equation (Payne et al., 1987):
R  kCo C p

(1)

where R is the collision rate, C o is oil-droplet concentration, C p is total particulate
concentration, and k is the rate constant for the reaction which depends on the turbulence
or energy dissipation rate.
A similar equation for collision frequency per unit volume is provided by Kusters
et al. (1996):
J ij   ij ni n j

(2)
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where  ij is the collision frequency function, and ni and n j are the number particles per
unit volume.
The rate constant k and collision frequency βij can be described by the flow
turbulence (Payne et al., 1987; Kusters et al., 1996; Kaku et al., 2006).
Equation (1) can be written as a material balance expressed in relation to change
during incremental period of time (Payne et al., 1987):
dCo
 kGCo C p
dt

or

dni
 kGni n j
dt

(3)

where k is the overall rate constant (i.e., ‘sticking’ efficiency dependency on the particle
size). G denotes the shear rate; G = (ε/ν)0.5, where ε is the turbulent energy dissipation per
unit mass per unit time and ν is the kinematic viscosity.
During the experiments, it was observed that particle-oil collision occurred
instantly after application of the granular particles to the floating oil layer. All solid
particles were distributed on the top of the floating oil layer. Thus, collision frequency can
be considered to be equal to the number of particles that hit the oil slick:
J ij  n j

(4)

Then, the material balance can be rewritten as:
M a  kM p

(5)

where Ma is the mass of oil-particle aggregate phase (g), Mp is the mass of solid particles
(g), and k is the dimensionless oil capture coefficient of the particles into the aggregate
phase. Higher values of k indicate more effective capture of oil by the particles from the
floating phase into the aggregate phase.
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The aggregation efficiency, E, can be estimated from the amount of granular
material applied, the initial mass of floating oil (Mo), and the mass of oil that settled in oilparticle aggregates (Mso) by the following equations:
E

M so
100%
Mo

(6)

M so  M a  M p

(7)

Combining equations (5), (6) and (7), amount of granular particles to be applied to
aggregate floating oil at a desired removal efficiency, E (%), can be estimated by the
following equation:

Mp 

EM o
100(k  1)

(8)

Materials and Methods
South Louisiana crude (SLC) oil was obtained from the BP America Production
Company (Houston, TX). Synthetic sea salt “Instant Ocean” (Aquarium Systems, Mentor,
OH) was used at a concentration of 34 g/L to prepare the salt water solutions. Experiments
were conducted with limestone with medium and fine particle size ranges, and quartz sand
with fine particle size range. Tables 2.1 and 2.2 provide the characteristics of the materials
used. Granular samples were sieved through sieves No. 4, 16, 50, and 270 to control particle
size as shown in Table 2.2 and Fig. 2.3.
A volume of 1 mL crude oil was added to 100 mL saltwater in 125 mL Erlenmeyer
flask using 5-mL volumetric pipette. Limestone and quartz sand were weighted (± 0.001
g) in predetermined amounts of 0.5, 1.0, 1.5, 2.0, and 3.5 g. An Erlenmeyer flask was
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placed in the orbital shaker (150 rpm) to simulate gentle mixing and low sea state
turbulence (Kaku et al., 2006). A predetermined amount of limestone or quartz was added
while the flask was shaking. Oil-particle aggregation and precipitation occurred almost
instantly after the addition of the granular particles onto the oil layer, within 10-25 sec; Fig.
2.4a,b. The flask was removed from the orbital shaker and the solution was filtered through
the coarse nonwoven fiberglass filter to separate oil-particle aggregates (Fig. 2.4c).
The solution passed through the fiberglass filter very fast and easily. The oilparticle aggregates were captured by the filter. The capture aggregates were stable and
retained their integrity during handling. The filter was weighted before and after the
filtration step. The weight of the wet filter (to account for the water presence during the
filtering) was subtracted from the weight of filter with oil aggregates. The amount of oil
captured by the particles was subtracted from the weight of filtered aggregate and the
residual amount of oil (g) was considered as removed by the particles (i.e., settled oil). The
oil removal efficiency, E, was determined according to formula (6), where Mo = 0.9 g (as
1 mL of oil). Experiments were repeated between 3-4 times depending on the variations
observed. Table 2.3 presents the oil capture efficiency by the particles. Oil-particle
aggregates remained stable and retained their integrity even after several days after the
experiments. The fact of the aggregates stability despite stirring and surface waves is also
supported by the observations of Abkarian et al. (2013).
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Table 2.1. Particle density of the granular materials used.
Granular material

No. of particles per g
2.9 x 103
1700 x 103
600 x 103

Medium limestone
Fine limestone
Fine quartz

Table 2.2. Characteristics of the materials used.
Material and Property

Typical value

South Louisiana crude oil
API gravity
Density (g/mL)
Dynamic viscosity (cP)
Limestone
Medium particle size
Fine particle size
Bulk density (g/cm3)
Quartz
Particle size
Bulk density (g/cm3)

32.72a
0.856 (15ºC) a
10.1 (15ºC) a
< 2.00 mm and > 0.300 mm
< 0.300 mm and > 0.075 mm
2.5 (ave)b
< 0.300 mm and > 0.075 mm
2.2 (ave)b

a

EPA/600/R-03/072. 2003. Characteristics of spilled oils, fuels, and petroleum products.
Manger G.E. 1963. Porosity and bulk density of sedimentary rocks.
http://pubs.usgs.gov/bul/1144e/report.pdf
b
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Figure 2.3. Granular particles used in the experiments: a. Medium limestone; b. Fine
limestone; and c. Fine quartz.

Figure 2.4. Formation of oil-sand aggregates: a. Floating oil; b. Formation and separation
of particle-oil aggregates; and c. Particle-oil aggregates separated by coarse filtration
(crude oil-fine quartz aggregates).
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Results
Figure 2.5 compares the formation of the aggregate phase with increasing amount
of granular material added to the salt water solution containing 0.9 g of crude oil. There
was a significant reduction in the amount of floating oil with increasing amount of granular
material added.

Figure 2.5. Comparison of oil-particle aggregate formation with different granular
particles with increasing particle/oil ratios. Top row: medium limestone; middle row: fine
limestone; and bottom row: fine quartz.
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Table 2.3 summarizes the removal efficiency of the granular materials for capturing
the floating oil during the experiments. Oil removal efficiency increased with increasing
amount of granular materials applied. However, the amount of oil removed from the
floating phase did not increase linearly with the amount of granular materials added as
presented in Fig. 2.6a. The oil capture efficiency increased significantly when the amount
of granular material added was between 1 and 2 grams corresponding to granular material
to oil ratios between approximately 1 and 2 g/g (note that specific gravity of crude oil is
about 0.9) (Fig. 2.6b).
Figure 2.7 presents the oil to granular material content of the aggregates separated
in relation to granular materials to floating oil ratio. It is interesting to note that the
aggregates separated had higher amounts of oil content when small amounts of granular
material were applied.
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a

Floating oil captured (g)
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Fine limestone
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0.5
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4.5

Granular material added / Floating oil (g/g)

Figure 2.6. Capture of floating oil by granular materials: a. Change in the amount of oil
captured in the aggregate phase in relation to amount of granular material added; and b.
Oil removal efficiency in relation to the ratio of granular material added to floating oil
present.
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Captured Oil / Granular material in
aggregate (g/g)

1.7
Medium limestone
Fine limestone
Fine quartz

1.6
1.5
1.4
1.3
1.2

1.1
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

Granular material added / Floating oil (g/g)

Figure 2.7. Variation oil capture coefficient (k) of the granular aggregates in relation to the
ratio of granular material added to floating oil present.

Table 2.3. Oil capture efficiency (E) of granular materials used.
Amount of granular particles added (g)
0.5
1.0
1.5
2.0
Material
Oil removal efficiency (% w/w)
Medium limestone
Average
26.81
41.56
63.06
76.11
St. Dev.
20.34
11.05
21.71
20.40
Fine limestone
Average
28.33
44.86
69.03
77.22
St. Dev.
8.91
18.01
21.06
14.37
Fine quartz
Average
31.44
41.53
67.00
81.11
St. Dev.
8.05
18.07
19.33
16.62

3.5

91.64
10.15
83.72
7.26
94.35
8.67

For the practical application of this method, the ratio of oil-particle aggregates
forming (i.e., beach sand or limestone) to be used at a spill location can be estimated from
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the material balance (i.e., equation 5). Based on the experimental data presented in
Table 2.3, the oil capture coefficient of the granular aggregates, k, can be defined as:

k

Ma
Mp

(9)

where Ma is the mass of oil in the aggregate phase (i.e., filtered aggregate phase) (g); and
Mp is the mass of applied granular particles. Table 2.4 presents the oil capture coefficient
of the granular aggregates.

Table 2.4. Experimental k values (ratio of mass of oil-particle aggregates formed to mass
of granular material added).
Amount of granular material added (g)
Material

0.5

Medium
limestone, kML
Fine limestone,
kFL
Fine quartz, kFQ

1.0
1.5
2.0
Oil-granular material ratio in aggregates (g/g)

3.5

1.48

1.37

1.38

1.34

1.24

1.51

1.40

1.41

1.35

1.22

1.57

1.37

1.40

1.37

1.39

Table 2.4 presents k values, formula (9), for three series of experiments. Figure 2.7
presents the oil/solid ratio in the aggregates (k values) in relation to solid/oil ratio added.
The amount of oil captured in the aggregate phase does not increase with increasing amount
of solids added when the oil/sand ratio is between 0.6 and 1.0.
To estimate the amount of solid particles to be added to capture an oil spill with a
total mass of MTo, the equation (8) can modified as:

Mp 

EM o
M
EM To
 To 
100(k  1) M o 100(k  1)

(10)
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For example, the amount of granular material needed for a desired capture
efficiency of 90% for 1000 barrels of floating oil (1 barrel = 120 L; 1000 barrel = 120 m3,
for oil density 900 kg/m3 MTo = 105 kg), would be (using average k value of 1.38):

Mp 

EM To
90  10 5

 2.37  10 5 kg (or 5.22 105 lbs).
100(k  1) 100(1.38  1)

This result does not correlate well with the amount of sand required to encapsulate
1 L of oil that was calculated by Abkarian et al. (2013), and was equal to 0.1-0.5 kg. The
difference is attributed to variations in particle sizes and density and may also be explained
by the fact that sand particles do not only cover an oil droplet on the surface but are
absorbed into the oil droplets. There is also loss of particles that do not hit the oil surface
and settle without aggregation.

Conclusions
Experiments were conducted with natural granular materials to aggregate floating
crude oil. Limestone and sand applications were effective in capturing the floating oils.
The results showed that small amounts of granular particles can capture and form stable
aggregates with crude oil which settled very quickly. The natural granular materials can
be used for controlling the transport of floating oils with surface current and water-air
interactions especially near coastal areas where dispersant application may not be suitable.
About 50% of the floating oil was removed by aggregates regardless of the material used
when granular material to floating oil ratio was about 1 g/g. The aggregates had higher oil
content when the granular material applied was 0.5 g/g.
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CHAPTER III
PARTITIONING OF FRESH CRUDE OIL BETWEEN FLOATING, DISPERSED
AND SEDIMENT PHASES: EFFECT OF EXPOSURE ORDER TO DISPERSANT
AND GRANULAR MATERIALS
Boglaienko, D., and Tansel, B. 2016. Journal of Environmental Management, 175: 40-45.
DOI: 10.1016/j.jenvman.2016.03.017

Abstract
When three or more high and low energy substrates are mixed, wetting order can
significantly affect the behavior of the mixture. We analyzed the phase distribution of fresh
floating Louisiana crude oil into dispersed, settled and floating phases depending on the
exposure sequence to Corexit 9500A (dispersant) and granular materials. In the
experiments artificial sea water at salinity 34 ‰ was used. Limestone (0.30 to 2.00 mm)
and quartz sand (0.075 to 0.300 mm) were used as the natural granular materials.
Dispersant Corexit 9500A increased the amount of dispersed oil up to 33.76 ± 7.04 %.
Addition of granular materials after the dispersant increased dispersion of oil to 47.96 ±
1.96 %. When solid particles were applied on the floating oil before the dispersant, oil was
captured as oil-particles aggregates and removed from the floating layer. However,
dispersant addition led to partial release of the captured oil, removing it from the
aggregated form to the dispersed and floating phases. There was no visible oil aggregation
with the granular materials when quartz or limestone was at the bottom of a flask before
the addition of oil and dispersant.
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Introduction
Dispersion of floating crude oil is one of the main processes linked to spilled oil
degradation in the marine environment. This process has been extensively and intensively
studied, resulting in development of chemical dispersants and their implementation in oil
spill treatment practice.
Besides mechanical dispersion (wave turbulence), chemical dispersion (surfactants,
or dispersants), interaction of oil with mineral particles and sediments has been recognized
as an important factor in oil spill dispersion. Dispersed oil-mineral aggregates may
eventually settle, trapping oil on the bottom (Lee, 2002; Sterling et al., 2004; Gong et al.,
2014). Moreover, fine sediments on shorelines add to natural oil removal (surf-washing)
through formation of oil-mineral aggregates (Jahns et al., 1991; Bragg and Owens, 1995;
Stoffyn-Egli and Lee, 2002). A method that implies dispersion of mineral solid particles in
aqueous phase for oil removal via buoyant mineral solids-oil floccules was patented (Bragg
and Yang, 1996). Direct application of granular materials on the floating oil surface,
followed by immediate oil sedimentation and stabilization, has been recently studied and
identified as a potential oil spill remediation method (Abkarian et al., 2012; Boglaienko
and Tansel, 2015).
Gordon et al. (1973) reported that adsorption of oil on the surface of suspended
particulate matter may result in removal of oil from the water surface by 87-98%. Later,
Muschenheim and Lee (2002) reviewed and discussed the role of additional to adsorption
processes that influence surface oil removal by particulate matter, including flocculation
of fine particles with surface oil. Passow et al. (2012) pointed out marine snow formation
in the Gulf of Mexico after the Deepwater Horizon accident and the role of coagulation of
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oily particulate matter. In general, two main oil-particle interactions have been specified:
adsorption of hydrocarbons and direct aggregation of oil with particulate matter (Gong et
al., 2014; Bandara et al., 2011; Lee, 2002). A numerical model that simulates oil and
suspended sediment interaction, and estimates the fraction of removed oil was presented
by Bandara et al. (2011), according to which the amount of removed oil as oil-sediment
aggregates can reach up to 65%.
Colloidal solid particles (clay) can attach on oil droplet surfaces (Dommersnes et
al., 2013). At high clay concentrations (above about 2% w/w), the droplet surface can be
covered by solid particles. Chemical dispersants decrease the oil-particle interaction.
Physically dispersed oil (i.e., emulsion formed by mixing) associates easily with particulate
matter in comparison to the chemically dispersed oil (i.e., using dispersants) (Mackay and
Hossain, 1982; Payne et al., 2003). Similarly, another study showed that addition of a
dispersant decreased the adsorption of oil to suspended particulate matter (Sørensen et al.,
2014). Dispersant Corexit 9500A contains anionic surfactants, nonionic surfactants, and
organic solvents (Nalco, 2014). Such nonionic components of the Corexit dispersants as
Tween 80 adsorbs to oil droplets irreversibly, resulting in long coalescence time (Reichert
and Walker, 2015).
High energy substrates are more easily wet than low energy substrates (De Gennes,
1985). Also the wetting process is more complete when the substrate has a relatively higher
surface energy than the liquid (Kern et al., 1986). Addition of a surfactant to water
decreases wetting and adhesion work of high energy polar solid materials (i.e., quartz)
(Zdziennicka and Jańczuk, 2010). A dispersant, designed to lower surface tension (surface
free energy), contributes to smaller rates of oil-mineral aggregation, as it becomes less
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beneficial (i.e., smaller decrease in free energy) for the system to go from “oil and solids
in water” to “oil-solid aggregates in water.”
∆𝐺 = 𝛾𝑠𝑜 − 𝛾𝑤𝑜 − 𝛾𝑠𝑤

(1)

where 𝛾 is surface free energy (𝛾𝑖 = 𝜕𝐺/𝜕𝐴𝑖 , A is area); subscripts: s is solids, o is oil, and
w is water.
For the system to experience decrease in free energy for oil-solids aggregation (i.e.,
∆𝐺 ≤ 0 ):
𝛾𝑠𝑜 ≤ 𝛾𝑤𝑜 + 𝛾𝑠𝑤

(2)

Addition of the dispersant decreases 𝛾𝑤𝑜 , so that condition (2) may not be satisfied.
The change in surface free energy, ∆𝐺, can be described in two steps: 1. ∆𝐺1 for
activation of energy barrier to the adhesion of solid particle to oil, and 2. ∆𝐺2 for work of
adhesion, 𝑤𝑎 (Adamson, 1990). These steps can be expressed as follows:
∆𝐺 = ∆𝐺1 + ∆𝐺2

(3)

∆𝐺1 = 𝛾𝑤𝑜 ∆𝐴𝑤𝑜

(4)

∆𝐺2 = (𝛾𝑠𝑜 − 𝛾𝑤𝑜 − 𝛾𝑠𝑤 )𝐴𝑠𝑜 = −𝑤𝑎 𝐴𝑠𝑜

(5)

∆𝐺 = 𝛾𝑤𝑜 ∆𝐴𝑤𝑜 − 𝑤𝑎 𝐴𝑠𝑜

(6)

where,

Surface energy plays an important role in wetting phenomena which can affect the
phase distribution of oil. When three or more materials with significantly different surface
energies are mixed, the order of mixing of the materials can significantly alter the phase
distribution of oil. In this study we analyzed the phase distribution of crude oil, as floating
oil, dispersed oil, and oil captured by solid granular materials, depending on their presence
and absence, and the order of exposure of the floating oil to granular materials and
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dispersant Corexit 9500A. The experiments aimed to quantify the partitioning of the
floating crude oil and the effectiveness of the dispersant in relation to the exposure order
of crude oil to granular materials and Corexit 9500. In the experiments, sand (quartz) and
limestone were used as the granular materials. South Louisiana crude oil was chosen due
to the fact that it was spilled during the Deepwater Horizon oil spill (also referred to as
the BP oil spill, the BP oil disaster, and the Gulf of Mexico oil spill in 2010). The
partitioning of crude oil on granular surfaces and in the water phase was interpreted in view
of the changes in surface energy with exposure order.

Materials and Methods
Materials
Louisiana crude oil (Mississippi Canyon Block 252) was supplied by BP America
Production Company in Houston, Texas, USA. The Louisiana crude oil has American
Petroleum Institute (API) gravity of 36.2 at 15oC, which is classified as a light crude oil.
The dispersant Corexit 9500A used in this study was supplied by Exxon/Nalco Energy
Chemicals, Sugar Land, Texas, USA. Limestone of medium particle size (0.30 to 2.00 mm)
and quartz sand of fine particle size (0.075 to 0.300 mm) were used as the natural granular
materials (GM). Instant Ocean Sea Salt (Aquarium System, Mentor, Ohio, USA) and
deionized water were used to prepare the stock solutions of artificial sea water at salinity
level of 34 ‰. The solvent dichloromethane (DCM), pesticide-quality, was used for the oil
extraction and preparation of standards.
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Experimental procedure
Six series of experiments were conducted as designated by ODS, OSD, SOD, OS,
OD and O indicating materials present and the order of adding the materials (Fig. 3.1). For
the experimental design, O is crude oil, D is dispersant, and S is solid granular material.
ODS
Oil
Dispersant
Solid GM

OSD
Oil
Solid GM
Dispersant

Quartz sand as solid GM
(series ODQ, OQD, QOD, and OQ)

SOD

OS

OD

Solid GM
Oil
Dispersant

Oil
Solid GM

Oil
Dispersant

O
Oil

Limestone as solid GM
(series ODL, OLD, LOD, and OL)

Figure 3.1. Experimental design (O: crude oil, D: dispersant, S: Solid granular material,
GM: granular material).
A volume of 0.5 mL fresh Louisiana crude oil was added to 100 mL saltwater in a
baffled flask. Dispersant Corexit 9500A was used at the dispersant-to-oil ratio (DOR) 1:25
(0.02 mL). All series had the same amount of granular material (1 g) but varied by the order
of its application. Series ODS had granular material added to the mixture (from surface)
after the dispersant; series OSD had the dispersant applied on the mixture surface after the
oil aggregation by granular materials; series SOD had the granular materials on the bottom
of a flask, followed by the addition of oil and dispersant; for the OS series no dispersant
was used and the oil removal process was considered by the granular materials and the
aggregation of particles as they pass through the floating phase; OD series had oil removed
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(i.e., dispersed) by Corexit 9500A only; and the O series had only oil in the salt water
mixture. All experiments were conducted in triplicate for limestone and quartz sand at
room temperature (20-22 ºC). Flasks were placed on the orbital shaker and mixed at 200
rpm for 10 min (to simulate mixing conditions in the environment). After stopping the
shaker, the flasks were left for 10 min to settle the granular particles.
An extraction procedure, similar to the Swirling flask test (U.S. EPA, 1997), was
performed to estimate the amount of the dispersed oil. Extraction utilized pesticide-quality
DCM and 30 mL of the aqueous mixture containing the dispersed oil. DCM was added to
the mixture in the amount of 5 mL three times, shaken and drained from the separatory
funnel. Standard solutions of oil and two series of standard solutions of oil and dispersant
were prepared following the EPA SFT guidelines (U.S. EPA, 1997). The UV-visible
spectrophotometer was calibrated at the wavelengths 400 and 420 nm, as better precision
was obtained for our samples. Total mass of the dispersed oil was determined from the
mean of the measured levels at the calibrated wavelengths.
Samples with solid material were filtered through the fiberglass filter to estimate
the amount (by weight) of oil captured by the granular materials. The floating oil was
discarded before filtering. The amount of floating oil remaining was calculated based on
the amounts of oil in the dispersed phase (determined by extraction) and the oil captured
by the granular materials (determined gravimetrically). Dispersion effectiveness (DE) was
calculated as percent of the dispersed phase (mass of oil found by the extraction procedure)
in relation to the initial mass of the crude oil. Statistical analyses were performed on the
DE differences between the series using two-way ANOVA test (IBM SPSS 21).
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Results and Discussion
Phase distribution of oil in relation to the order of the dispersant and solid granular
material applications is summarized in Fig. 3.2a for quartz and Fig. 3.2b for limestone as
granular material. The amount of oil dispersed in salt water by the means of shaking only
(‘O’ series) was 1.47 ± 0.58 % and the rest was floating on surface (Fig. 3.3). Dispersant
Corexit 9500A increased the amount of dispersed oil up to 33.76 ± 7.04 % and the rest was
in the floating phase (‘OD’ series), Fig. 3.2a,b and Fig. 3.3. Addition of fine quartz particles
after the dispersant (‘ODQ’ series) resulted in increased dispersion of oil, 47.96 ± 1.96 %,
Fig. 3.2a,b. Dispersion of oil in cases when medium limestone particles were added (‘ODL’
series) was not affected, as compared to ‘OD’ mixture, 33.77 ± 16.27 %. In both cases
(with quartz and limestone) settled particles contained a negligible amount of oil as
‘captured’ phase, Fig. 3.4. There was no visible captured oil as well when quartz or
limestone was at the bottom of a flask before addition of oil and dispersant application
(‘QOD’ and ‘LOD’ series), Fig. 3.2a,b and Fig. 3.4; the amount of the dispersed oil with
the presence of quartz was 28.36 ± 5.87 % and with the presence of limestone it was 24.84
± 8.16 %; the floating phase had less oil for the quartz than for limestone series. When
solid particles were applied on the floating oil before the dispersant (‘OQD’ and ‘OLD’),
oil was captured as oil-particle aggregates and removed from the floating layer. However,
dispersant addition to the flasks led to partial release of the captured oil, moving it from
the aggregated form to the dispersed and floating phases, Fig. 3.2a,b, Fig. 3.3, and Fig. 3.4.
The amount of dispersed oil resulted in 13.11 ± 1.37 % for quartz and 19.51 ± 4.01 % for
limestone. Finally, when solid granular material was utilized with no dispersant afterwards,
most of the oil was aggregated, settled and stayed as captured phase (oil-particle globules)
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even at the end of the shaking period (‘OQ’ and ‘OL’ series) (Fig. 3.3 and Fig. 3.4). The
amount of dispersed oil was 0.69 ± 0.26 % and 0.79 ± 0.13 %.
The two-way ANOVA test was performed to evaluate whether there was significant
difference between quartz and limestone, and between different series that utilized solid
granular material (α = 0.05). The dependent variable was set as ‘DE’ (Dispersion
Effectiveness). The first factor level was ‘Series’ (4 types) and the second factor level was
‘GM’ (Granular Material, 2 types) with no control of the block effect (no interaction
between factor levels, interaction tested p-value = 0.243). Assumptions of equal variances
and normality were tested and satisfied (Levene’s test’s p-value = 0.327 for DE via GM
factor and p-value = 0.047 for DE via Series factor that has marginal significance at the
0.05 level. Shapiro test’s p-value = 0.746). The two-way ANOVA test showed that there
was no significant difference between limestone or quartz sand (p-value = 0.448) but there
was significant difference between series (i.e., order of materials added) (p-value = 2.29E06). Tukey HSD post hoc test indicated significant difference between all pairs except ODS
and SOD, and SOD and OSD (Fig. 3.5).
The results showed that when three or more high and low energy substrates were
mixed, wetting order significantly affected the behavior of the mixture. When granular
materials were introduced to the oil phase (floating on water), oil and granular particles
(high surface energy) had adequate interaction and contact time to form strong noncovalent
bonds.
However, when the granular materials were introduced to the water first, their
surface energy was significantly reduced by wetting with water, and hence, were unable to
have effective interaction with oil. Dispersant reduced the surface energy of both the oil
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and water. Hence, the affinity of oil to form noncovalent interactions with granular
particles (with high surface energy) was significantly reduced in comparison to that of
water. As a result, wetting of granular particles with water occurred, further reducing the
ability of dispersed oil to attach on solid particle surfaces.
From the standpoint of toxicity, the dispersed fraction contains higher
concentrations of polycyclic aromatic hydrocarbons (PAH) than the water fraction without
the dispersant, as it influences dissolution of PAH from the crude oil to the water column
(Couillard et al., 2005; Griffin and Calder, 1977). The water soluble fraction of oil is
expected to be in the dispersed phase and additional studies are needed to investigate
distribution and partitioning of oil components to the granular particles.
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Figure 3.2. Phase distribution of oil depending on the presence and absence of the
dispersant Corexit 9500A and granular materials (error bars: ± 1 SD): a. Fine quartz used
as solid granular material; and b. Medium limestone used as solid granular material.
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Table 3.1. Partitioning of floating oil between float and sediment phases relative to
concentration in water phase.
Partition ratio
Order of exposure
Float/Water (w/w)

Sediment/Water
(w/w)

Oil only

82.81±1.45

-

Oil + Dispersant

2.62±0.51

-

Oil + Dispersant + Quartz

1.09±0.25

0

Oil + Dispersant + Limestone

2.62±0.21

0

Quartz + Oil + Dispersant

2.68±0.21

0

Limestone + Oil + Dispersant

3.55±0.32

0

Oil + Quartz + Dispersant

2.03±0.30

4.60±1.55

Oil + Limestone + Dispersant

1.45±0.22

2.70±0.52

Oil + Quartz

7.78±0.55

137.68±1.55

Oil + Limestone

11.04±1.45

115.17±1.33
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Figure 3.3. Profiles of mixtures illustrating the dispersed oil for different series.
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Figure 3.4. Bottom view of the mixtures illustrating oil capture by granular materials (as
sediments) for different series.
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Figure 3.5. Dispersion effectiveness for different series that utilized granular materials;
Tukey HSD post hoc (p < 0.05); error bars: ± 1 SD. Significance: ODS-SOD p = 0.053;
ODS-OSD p = 0.001; ODS-OS p = 0.000; SOD-OSD p = 0.220; SOD-OS p = 0.000; OSDOS p = 0.032 (Tukey HSD post hoc test).

Conclusions
Phase distribution of fresh floating Louisiana crude oil into dispersed, settled, and
floating phases depends on the exposure order to Corexit 9500A dispersant and granular
materials (limestone and quartz sand). Addition of the granular materials after the
dispersant increased dispersion of oil from 33.76 ± 7.04 % (dispersant only) to 47.96 ±
1.96 %. Oil can be efficiently captured and removed as oil-particles aggregates when no
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dispersant and only solid granular materials are utilized. Dispersant addition partially
releases the captured oil, removing it from the aggregated form to the dispersed and floating
phases. If quartz or limestone was present at the bottom of a flask before the addition of oil
and dispersant, there was no visible oil aggregation with the granular materials.
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CHAPTER IV
GRANULAR ENCAPSULATION OF LIGHT HYDROPHOBIC LIQUIDS (LHL)
IN LHL-SALT WATER SYSTEMS: PARTICLE INDUCED DENSIFICATION
WITH QUARTZ SAND
Boglaienko, D., Tansel, B., and Sukop, M.C. 2016. Chemosphere, 144: 1358-1364.
DOI: 10.1016/j.chemosphere.2015.10.019

Abstract
Addition of granular materials to floating crude oil slicks can be effective in
capturing and densifying the floating hydrophobic phase, which settles by gravity.
Interaction of light hydrophobic liquids (LHL) with quartz sand was investigated in LHLsalt water systems. The LHLs studied were decane, tetradecane, hexadecane, benzene,
toluene, ethylbenzene, m-xylene, and 2-cholorotoluene. Experiments were conducted with
fine quartz sand (passing sieve No. 40 with openings 0.425 mm). Each LHL was dyed with
few crystals of Sudan IV dye for ease of visual observation. A volume of 0.5 mL of each
LHL was added to 100 mL salt water (34 g/L). Addition of one gram of quartz sand to the
floating hydrophobic liquid layer resulted in formation of sand-encapsulated globules,
which settled due to increased density. All LHLs (except for a few globules of decane)
formed globules covered with fine sand particles that were heavy enough to settle by
gravity. The encapsulated globules were stable and retained their shape upon settling.
Polarity of hydrophobic liquids as the main factor of aggregation with minerals was found
to be insufficient to explain LHL aggregation with sand. Contact angle measurements were
made by submerging a large quartz crystal with the LHL drop on its surface into salt water.
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A positive correlation was observed between the wetting angle of LHL and the LHL
volume captured (r = 0.75). The dependence of the globule density on globule radius was
analyzed in relation to the coverage (%) of globule surface (LHL-salt water interface) by
fine quartz particles.

Introduction
Formation of so-called ‘rafts’ with addition of very fine particles to oil slicks was
previously described by researchers (Abkarian et al., 2013). Floating crude oil can be
effectively captured and its mobility can be controlled with granular materials (e.g., sand)
when dry solid particles are added to the light hydrophobic phase liquid (Boglaienko and
Tansel, 2015). Addition of granular particles (with higher density) results in formation of
particle-covered liquid globules with increased density that settle by gravity. Therefore,
crude oil/particle aggregation can be a potential treatment method for reducing the mobility
of fresh oil slicks.
Collision of dispersed oil droplets (< 100 μm) in the marine environment with
suspended particulate matter and formation of oil droplets coated with micro-sized solids,
both inorganic and organic, but mainly clay, have been studied extensively (Wood et al.,
1998; review by Muschenheim and Lee, 2002; Stoffyn-Egli and Lee, 2002; Payne et al.,
2003; Bandara et al., 2011; review by Gong et al., 2014).
One of the most common explanations for the process of the creation of oil and
suspended material (e.g., clay) aggregates (OSA or OMA) is the polar nature of some
components of the crude oil, such as asphaltenes and resins (Bragg and Owens, 1995;
Bragg and Yang, 1995; Guyomarch et al., 2002; Khelifa et al., 2002). However, this
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explanation is not sufficient and does not explain the particle-liquid interaction phenomena
when larger particles (i.e., sand) are applied on top of a floating hydrophobic liquid for the
purpose of its capture and settling.
The purpose of this study is to evaluate the densification of light hydrophobic
phases by sand-size particulate matter (or granular particles) for capturing the floating
hydrophobic phase, which can settle by gravity after densification. Interaction of light
hydrophobic liquids (LHL) with quartz sand was investigated in LHL-salt water systems.
Aliphatic and aromatic hydrocarbons that constitute a high percentage of crude oil content
(alkanes 80.8% and aromatics 12.6%, South Louisiana (2001), EPA, 2003) were chosen as
model nonpolar compounds. One polar compound (2-chlorotoluene) was added to the
experiments to extend the analyses and for comparison. Eight LHLs studied were decane,
tetradecane, hexadecane, benzene, toluene, ethylbenzene, m-xylene, and 2-cholorotoluene.
Experiments were conducted with fine quartz sand (passing sieve No. 40, openings 0.425
mm). Each hydrophobic compound (HC) was dyed with Sudan IV dye for ease of visual
observations. The contact angles of HCs with quartz were measured in salt water (34 g/L).
A simple model of the density changes of the aggregated globules that accounts for the
observations was developed. Dependence of a globule density on globule radius was
analyzed in relation to surface coverage (%) of HC globules by fine quartz particles.

Materials and Methods
Hydrophobic liquids and saltwater solution
Eight HCs studied were decane (Fisher Scientific), 99.8% purity; tetradecane
(Fisher Scientific), assay 99.9%; hexadecane (Fisher Scientific), 99.3% purity; benzene
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(Fisher Scientific), assay 99.9%; toluene (Fisher Scientific), assay 99.8%; ethylbenzene
(Fisher Scientific); m-xylene (Fisher Scientific), and 2-chlorotoluene (Aldrich), 99.0%
purity. The HCs were used as provided by the vendor. Synthetic sea salt “Instant Ocean”
(Aquarium Systems, Mentor, OH) was used at a concentration of 34 g/L to prepare the salt
water.

Contact angle measurements
A large quartz crystal (approximately 45 mm x 25 mm x 25 mm) was washed in
methanol and oven dried (100 ºC) for an hour. A drop of each hydrophobic liquid (dyed
with few crystals of Sudan IV for better visibility) was placed on the quartz surface using
a 5-mL graduated pipet, and then the crystal was submerged into salt water (34 g/L).
Images of the droplets on the crystal surface were captured in both air and after immersing
in salt water. Additionally, the wetting characteristics of salt water on quartz were tested
as a control.
Contact angles were measured with ImageJ 1.48v software using the “measure
angle” option of the software (National Institutes of Health, USA). Smaller angles θ
(Fig. 4.1) imply better wettability and adhesiveness of the hydrophobic liquid on the solid
surface.
The work of adhesion can be estimated by the Young-Dupre equation (Israelachvili,
1985):
W123 = γ23(1 + cos θ)

(1)

where γ23 is interfacial surface tension between liquid 2 and salt water 3; W123 is the
reversible work of adhesion of the liquid to the solid surface (Fig. 4.1). For the solid-liquid
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(hydrophobic liquid)-liquid (water) systems, the use of the contact angle measured in the
denser phase, or water, θw has been suggested (Rao, 2003). Then, the equation (1)
becomes:
W123 = γ23(1 – cos θw)

(2)

(3)
(2)

θ

θw

(1)

Figure 4.1. Solid-liquid-liquid contact angle measurements: (1) quartz crystal; (2) drop of
decane; and (3) salt water medium.

Aggregation experiments with quartz sand
A set of experiments on the aggregation of the selected hydrophobic compounds
(HCs) utilized quartz sand (fine particles that passed sieve No. 40 with opening 0.425 mm).
Selected hydrophobic compounds represent nonpolar compounds (alkanes: decane,
tetradecane, and hexadecane; and monoaromatics, BTEX group: benzene, toluene,
ethylbenzene, and m-xylene); and one polar compound, 2-chlorotoluene.
Based on preliminary experiments, the amount of LHL used in the experiments was
determined so that there would be a free-floating LHL layer and the globules formed would
be easily counted visually. A volume of 0.5 mL of a selected dyed HC was added to 100
mL salt water in a 125 mL Erlenmeyer flask, using a 10-mL graduated pipet. One gram of
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fine quartz sand was applied on top of the floating slick. Each HC was dyed with few
crystals of Sudan IV dye to enhance HC visibility. Additional experiments showed that the
dye Sudan IV did not affect the aggregation rates of a HC with quartz sand (Fig. 4.2a and
4.2b).
Aggregated globules and the number of globules of each size (diameter, mm) were
counted manually. The total volume of the aggregated globules was estimated based on the
sum of the products of each diameter-class volume by the number of globules in that class.
Aggregation experiments were repeated twice for each HC.
Statistical analysis for correlation between the contact angle and aggregated volume
of LHL (Pearson coefficient) was computed with help of IBM SPSS 22.

a. Without dye

b. With dye
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c. Tetradecane with dye

Figure 4.2. LHL-quartz sand interactions in aqueous solutions: a. and b. Aggregation of
tetradecane (without dye and with dye) with fine quartz sand; and c. Quartz sandencapsulated tetradecane globules.

Results and Discussion
Contact angle and encapsulation behavior in salt water
When the HC drop was placed on the quartz crystal, all the HCs exhibited spreading
and complete wetting characteristics when exposed to air (hence effectively a 0º contact
angle); however, when the quartz crystal with the HC drop was immersed in salt water,
there was an instantaneous reduction in the wetting characteristics of the HCs as observed
from contact angle measurements (Fig. 4.3a). When the salt water drop was placed on the
quartz surface and exposed to air, it exhibited a much higher contact angle due to higher
surface tension and cohesion forces (by ionic interactions), and hence, lower wetting than
LHL. The droplet profile for salt water in air is presented in Fig. 4.3b; and the contact angle
(θ) was measured as 88.2º.
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In air

In salt water

Decane

Toluene
Figure 4.3a. Comparison of wetting characteristics of decane and toluene on quartz
surface; exposed to air (total wetting and spreading) and immersed in salt water
(hydrophobic behavior).

Air

Figure 4.3b. Wetting characteristics of salt water on quartz surface (air as the medium).
Figure 4.3. Wetting characteristics on quartz surface and contact angle measurements.

Table 4.1 presents the contact angle measurements of the HCs on a quartz surface
immersed in salt water. We observed increasing solid-liquid-liquid angle (θw) moving from
alkanes to aromatics and 2-chlorotoluene (Table 4.1). For all the HCs used, we can consider
our system as ‘oil-wet’, because θw were between 115-180º (Rao, 2003). It should be noted
that 2-cholorotoluene is polar while the other HCs studied are nonpolar. The high density
and polar nature of 2-cholorotoluene contribute to its relatively higher contact angle θw and
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smaller contact angle θ (and more wetting of the quartz surface) in salt water system in
comparison to other HCs.

Table 4.1. Contact angle estimates, density, liquid-water interfacial tension, and
aggregated volume of the selected HCs (average of two measurements).
Hydrophobic Contact Cos θw Cos θ Density[a] Liquid- Work of Aggregated
[d]
compound angle, θw
(kg/m3)
water
adhesion
volume
(degrees)
interfacial (dyn/cm) ± 1 SD (%)
tension[b]
(dyn/cm)
Decane
133.3
-0.69
0.69 728
52.0
87.9
31.7 ± 8.0
Tetradecane

142.4

-0.79

0.79

758

52.2

93.4

31.8 ± 16.2

Hexadecane

143.2

-0.80

0.80

770

53.3

95.9

24.2 ± 8.7

Benzene

158.4

-0.93

0.93

873

35.0

67.6

66.9 ± 8.9

Toluene

151.0

-0.88

0.88

865

36.1

67.5

49.6 ± 13.6

Ethylbenzene 149.5

-0.86

0.86

865

38.4

71.4

67.1 ± 9.3

m-Xylene
2-Chlorotoluene

144.8

-0.82

0.82

861

37.9

69.0

46.1 ± 18.9

164.8

-0.97

0.97

1077

37.1[c]

73.1

91.3 ± 5.5

a

Yaws, 1999.
Demond and Lindner, 1993.
c
Jasper and Seitz, 1958.
d
Cos θ = – Cos θw
b

Encapsulation and densification of LHLs with quartz sand
Quartz sand addition was most effective in densification of 2-chlorotoluene. In the
2-chlorotoluene-salt water system, almost all the floating phase settled with distinctly
larger size globules. The density of 2-chlorotoluene is very close to the density of salt
water, hence, even a small coverage with sand particles makes globules sink. Some of the
2-chlorotoluene globules did not have sand particles on the upper half of their surfaces but
settled (by gravity) due to the high density of 2-chlorotoluene. Moreover, 2-chlorotoluene

48

was the only hydrophobic compound (among the 8 studied) that formed globules of
relatively large size (up to 8 mm in diameter).
Decane also had distinct behavior because of its low density and low wetting
characteristics indicated by the smallest contact angle (θw = 133.3º, Table 4.1) with quartz
in salt water. As a result of the bouncing and impact of the globule upon reaching the
bottom (as it settled by gravity), some sand particles were detached from the globule
surface; reducing the globule density. Hence, a few of the globules (1-2 globules) formed
in the decane-salt water system floated up in the salt water (Fig. 4.4a and 4.4b).
The total volume of globules formed and settled in relation to the initial amount of
floating hydrophobic layer present in salt water for each HC is given in Table 4.1 (as the
average of two replicate trials ± 1 SD). A positive correlation (Pearson r(16) = 0.75, p =
0.001) was observed between the aggregated (and gravity separated) volume of the
hydrophobic liquids with the quartz-hydrophobic liquid contact angle (measured in salt
water), as presented in Fig. 4.5. Relationship between the estimates of work of adhesion
and the aggregated volume did not reveal clear direction.

49

floating globule

Decane

Tetradecane

C10H22 C14H30

Hexadecane

C16H35

Benzene

Toluene

C6H6

C7H8

Ethylbenzene

C8H10

m-Xylene

2-Cholorotoluene

C8H10

C7H7Cl

Figure 4.4a. Formation of encapsulated light hydrophobic globules after addition of quartz
sand in LHL-salt water systems.

rising globule

a

b

c

Figure 4.4b. Comparison of the encapsulated globules formed in LHL-salt water systems
after addition of quartz sand. LHLs with higher densities formed larger globules with less
sand coverage: a. 2-cholorotoluene (d = 1077 kg/m3); b. Ethylbenzene (d = 865 kg/m3);
and c. Decane (d = 728 kg/m3).

Figure 4.4. Encapsulation of hydrophobic liquids with fine quartz sand.
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Figure 4.5. Correlation of the aggregated and gravity-separated volume of the hydrophobic
liquids with the quartz-hydrophobic liquid contact angle (measured in salt water); r2 = 0.56.

Modeling of globule formation and behavior
The density of the aggregated globule controls its settling behavior. If the density
is larger than the density of the water phase (i.e., salt water, 1024 kg/m3 at 34 ‰ salinity
and 20 ºC), it settles, and if it is smaller, the globule floats. The density of a globule can be
estimated as follows:
𝜌𝑔 =

𝑀ℎ𝑐+𝑀𝑝
𝑉𝑔

,

(3)

where Mhc is mass of the HC that is being aggregated, kg; Mp is mass of the quartz particles
that adhere to the globule’s surface; kg; Vg is volume of the globule, m3.
Assuming spherical globules, the mass of HC in the globule is:
4

𝑀ℎ𝑐 = 𝜌ℎ𝑐 (3) 𝜋𝑟𝑔3

(4)
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where ρhc is density of the HC; kg/m3; rg is radius of the globule, m.
Mass of particles:
𝑀𝑝 = 𝑛 𝑀

(5)

where n is number of the quartz particles on the globule’s surface; M is mass of one quartz
particle, kg.
Assuming a particle of quartz is a sphere with radius rp, then:
4

𝑀 = 𝜌𝑝 (3) 𝜋𝑟𝑝3

(6)

where ρp is the density of quartz, 2650 kg/m3; rp : radius of quartz particles, m.
The number of particles attached on the HC globule surface can be estimated by
dividing the surface area of the globule by the area occupied by one particle (assuming the
occupied area is circular):
𝑛=

4𝜋𝑟𝑔2
𝜋𝑟𝑝2

𝐾𝑐𝑜𝑣

(7)

where Kcov is percentage of a globule surface, covered with sand particles.
After combining equations (4)-(7) with equation (3), the density of HC globule can
be estimated by the following equation:

𝜌𝑔 =

4
3

4𝜋𝑟2
𝑔
𝐾𝑐𝑜𝑣 𝑀
𝜋𝑟2
𝑝
4
( )𝜋𝑟𝑔3
3

𝜌ℎ𝑐 ( )𝜋𝑟𝑔3 +

(8)

After simplification:
𝜌𝑔 =

𝜌ℎ𝑐 𝑟𝑔 +4𝐾𝑐𝑜𝑣 𝜌𝑝 𝑟𝑝

(9)

𝑟𝑔

Figure 4.6 presents the estimated densities of the globules in relation to globule
diameter and percentage of surface coverage by quartz sand particles for the eight HCs
used in this study. The density-coverage model supported the experimental observations.
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For example, for the 2-chlorotoluene with density very close to the density of salt water; a
small coverage with sand particles will make globules become unstable and sink. It should
be noted that high cohesive behavior of the hydrophobic compounds allows formation of
the larger globules especially when their density is closer to that of salt water.
However, formation of a gas bubble on top of aggregated globules of HCs was
observed a couple of hours later. Equation (3) then becomes:
𝜌𝑔 =

𝑀ℎ𝑐+𝑀𝑝+𝑀𝑔𝑎𝑠

(10)

𝑉𝑔+𝑉𝑔𝑎𝑠

That is

𝜌𝑔 =

4
3

4𝜋𝑟2
4
𝑔
3
𝐾𝑐𝑜𝑣 𝑀+𝜌𝑔𝑎𝑠 ( )𝜋𝑟𝑔𝑎𝑠
3
𝜋𝑟2
𝑝
4
4
3
( )𝜋𝑟𝑔3 +( )𝜋𝑟𝑔𝑎𝑠
3
3

𝜌ℎ𝑐 ( )𝜋𝑟𝑔3 +

(11)

where ρgas is density of the gas bubble, kg/m3; rgas is radius of the gas bubble, m.
After simplification:
𝜌𝑔 =

3
𝜌ℎ𝑐 𝑟𝑔3 +4𝐾𝑐𝑜𝑣 𝜌𝑝 𝑟𝑝 𝑟𝑔2 +𝜌𝑔𝑎𝑠 𝑟𝑔𝑎𝑠

(12)

3
𝑟𝑔3 +𝑟𝑔𝑎𝑠

Figure 4.6 presents results for the freshly formed globules (right after the sand
application), when gas phase has not been developed yet.
Gas phase may be caused by air entrapment and volatilization of the liquids. The
amount of air entrapped within the globule is highly correlated with the way sand is applied.
When sand application is gradual, air entrapment is relatively small. The gas bubble
emerged over time (volatilization inside the encapsulation) and eventually escaped from
the globule. Therefore, in most cases, the bubble did not alter the behavior of the globules,
as care was taken to minimize air entrapment.
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This model can be applied to any HC-particle pairs of interest. The globule size
may be controlled by the interaction of particle characteristics (size, density), wettability,
and particle application method, as it will affect the number of granular particles covering
a globule (coverage percent Kcov) and, thus, densification rates of a LHL. Additional
experiments to evaluate, for example, the impact of particle size, composition, and surface
properties and surface treatments, as well as the number (mass) of particles and their

Density of globule (kg/m3)

method of application to the slick, could be devised to optimize capture and settling.
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Figure 4.6. Variation of globule density with its radius (mm) and surface coverage (%) by
fine quartz particles. Blue, red, and gray lines: 70, 50, and 30% of sand coverage of a
globule respectively. Globules with densities greater than the water phase (shown as a
horizontal black line) settle. Vertical lines show the range of observed globule size formed
during the experiments. Modelling was made for the globules of fresh formation (gas phase
on top of a globule was not accounted for).

Conclusions
Surface application of quartz sand effectively captured the floating hydrophobic
phase by forming globules of hydrophobic liquids that settled by gravity. The quartz sand
particles were observed to encapsulate the globules of hydrophobic liquids, with partial
coverage on the hydrophobic phase-salt water interface. All hydrophobic liquids formed
stable globules encapsulated with fine quartz sand particles that settled by gravity. A few
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globules formed in the decane-salt water system floated back due to loss of granular
particles (due to the globules bouncing off the bottom) and the low density of decane.
Even though the polar compound (2-chlorotoluene) had the highest aggregated
volume (91.3 ± 5.5%) and better wettability with quartz, experimental results reveal the
ability of nonpolar constituents of crude oil (alkanes and aromatics) to aggregate with sand
particles. The abovementioned assumption (see Introduction) that crude oil aggregates with
mineral particles because of the presence of polar compounds in its content, does not satisfy
our experimental results.
A positive correlation was observed between the wettability of quartz by the
hydrophobic liquids and the amount of hydrophobic liquid captured (as encapsulated
globules) by application of quartz sand (Pearson r = 0.75, p = 0.001). Use of granular
materials for densification of floating hydrophobic liquids can be an effective technology
for controlling mobility, hence, reducing the impact radius of oil slicks at sea.
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CHAPTER V
ENCAPSULATION OF LIGHT HYDROPHOBIC LIQUIDS WITH FINE
QUARTZ SAND: PROPERTY BASED CHARACTERIZATION AND
STABILITY IN AQUEOUS MEDIA WITH DIFFERENT SALINITIES
Boglaienko, D., and Tansel, B. 2016. Chemical Engineering Science, 145: 90-96.
DOI:10.1016/j.ces.2016.02.010

Abstract
A novel method for capturing oil slicks in aquatic environments with granular
solids was investigated. Experiments were conducted with pure hydrophobic liquids (HL)
(decane, tetradecane, hexadecane, benzene, toluene, ethylbenzene, and m-xylene)
representing the main groups in crude oil (alkanes and aromatics), and fine quartz sand
(passing sieve No. 40 with 0.425 mm openings). The amounts of HL captured in the
HL/sand globules were correlated with the properties the HLs. Positive correlations
between the aggregated HL volume with density and surface tension were observed.
Aggregation number (AN) is introduced to estimate the amount of HL aggregated with fine
quartz sand (using 0.5 mL HL and 1.0 g sand; floating HL layer thickness to particle
diameter ratio > 4:1). Change in the aggregated HL volume over time was examined and
dissolution rate constants were obtained. Benzene and toluene completely dissolved from
the aggregated globules within 3-4 days after the aggregation, while the other HLs
exhibited relatively small change in the globule size over time. Salinity of water did not
affect the aggregation rates of HLs but slightly decreased the dissolution rate constants for
some HLs.
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Introduction
Floating oil slicks can be effectively captured and submerged with dry fine granular
materials, such as quartz sand or limestone (Abkarian, 2013; Boglaienko and Tansel,
2015). This method is unique in its simplicity and availability of natural granular materials
in coastal areas; therefore, it can be an effective method for use in marine environments to
control spreading of floating oil slicks. Once the granular material comes into contact with
the floating slick of a hydrophobic liquid (e.g., crude oil); it accumulates on the floating
slick, gradually increasing its density. As the oil slick carrying the granular particles gets
heavier by the addition of the dense granular particles; liquid/solid globular aggregates sink
rapidly when the coverage of globules is sufficient to create denser than water aggregates.
The shape and characteristics of the HL/solid particle globules depend on the particle size
of the granular solid and characteristics of the hydrophobic liquid (HL). The gravityinduced capture and transformation of an oil slick from the light floating phase to heavy
sinking phase has certain advantages from an environmental impact perspective.
Transforming floating oil from water surface to subsurface allows better control of the fate
and transport of oil slicks in the environment by keeping the impact footprint smaller, and
allow use of controlled addition of nutrients for faster decomposition of the oil in the
subsurface (i.e., underwater bioremediation).
In the studies that examined aggregation of suspended mineral particles with
dispersed in water oil droplets (Bragg and Owens, 1995; Bragg and Yang, 1995; Wood et
al., 1998; Muschenheim and Lee, 2002; Stoffyn-Egli and Lee, 2002; Guyomarch et al.,
2002; Khelifa et al., 2002; Payne et al., 2003; Bandara et al., 2011; Gong et al., 2014),
amount of polar compounds in oil was referred to as a crucial factor in creation of
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hydrophobic bonding between minerals and the surface of oil droplets (Stoffyn-Egli and
Lee, 2002). Oils with higher content of polar compounds (resins and asphaltenes) were
found to aggregate better with fine particulate matter but the impact of higher viscosity of
these oils on the better aggregation rates was not considered (Sørensen, 2014). The main
goal of this research was to study the aggregation rates of HLs in relation to different
properties (density, viscosity, surface and interfacial tensions). As the representatives of
alkane group we chose decane, tetradecane, and hexadecane; and of aromatic group –
benzene, toluene, ethylbenzene, and m-xylene (BTEX). For the purpose to compare the
mentioned nonpolar compounds to polar ones, we utilized only 2-chlorotoluene
(electronegativity of Cl is 3.0, C is 2.5, and H is 2.2 (Schwarzenbach, 1993), as the most
polar liquids dissolve in water very well and are not suitable for the experiments.
Experiments were carried out in salt water and deionized water, as it was stated in literature
that saline water is the prerequisite for suspended oil and clay interactions (Lee, 2002). The
statement that cations of salt water act as electrical bridges helping aggregation of
suspended clay particles and dispersed oil (Brag and Yang, 1995) may not be true for our
case, when the fine particles hit the floating slick before reaching water.
However, as our preliminary results showed, for the system of the direct application
of granular particles on surface of the floating oil, even nonpolar compounds as alkanes
(tested C5, C10, C14, and C16) create globular aggregates. We relate this to the Van der
Waals or dispersion forces between HLs and quartz sand particles that cover the surface of
the aggregated globules (Israelochvilli, 1985; Hunter, 2001).
Considering toxicity of aromatic compounds, which are the most toxic group in
crude oil content (Atlantic, 1988), we looked at the dissolution rates of the selected HL
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from the aggregated globules with time, both in salt and deionized water. We expected the
aggregates to be more stable in salt water due to “salting out” effect, which explains
decreased solubility of nonpolar organics in water with ions of inorganic salts
(Schwarzenbach, 1993).
Presented experiments were done for the quartz sand only, however, various
materials may have different aggregation rates due to surface chemistry (Sterling, 2004).
In our study, we investigated the effect of salinity on the aggregation rates (34‰
synthetic saltwater versus deionized water); the correlations between the granular
aggregation rates and the properties of the selected HLs; and the stability of the aggregates
over time. The HLs we evaluated represent the main constituents of crude oil, alkanes and
aromatics.

Materials and Methods
Decane, tetradecane, hexadecane, benzene, toluene, ethylbenzene, and m-xylene
were obtained from Fisher Scientific (purity > 99.0%), and 2-chlorotoluene from Aldrich
(99.0% pure). The hydrocarbons were dyed with a few crystals of Sudan IV dye (additional
trials showed that the dye did not affect the aggregation rates). Synthetic sea salt ‘Instant
Ocean’ (Aquarium Systems, Mentor, OH) was used to prepare 34‰ salt water. Fine quartz
sand (passed sieve No. 40 with opening 0.425 mm) was used for aggregation and applied
at the amount of 1.00 ± 0.01 g to the surface of the floating hydrophobic liquid (0.50 ±
0.06 mL). The amount of sand was chosen according to our previous experimental results
(Boglaienko and Tansel, 2015), where the range of granular material to oil ratios was
studied utilizing an orbital shaker to simulate sea turbulence (150 rpm). Aggregation
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experiments were performed in a 125 mL Erlenmeyer flask filled with 100 mL of salt water
or with 100 mL of deionized water.

b

a

c

f

d

h

g
e

Hexadecane

m-Xylene

Figure 5.1. Materials and aggregated globules: a. Fine quartz sand; b. Erlenmeyer flask
with salt water (100 mL) and floating layer of a dyed HL (0.5 mL); c. Conceptual schematic
of adding sand to HL slick; d. and e. Floating and submerged globules of hexadecane
aggregated with fine quartz sand; f. and g. Floating and submerged globules of m-xylene
aggregated with fine quartz sand; and h. Close up view (top) of the submerged globules of
m-xylene aggregated with fine quartz sand.

Sand particles, reaching the floating layer, initiated instantaneous aggregation of
the floating hydrophobic liquid (HL) to form globules ranging from 1 to 8 mm in diameter
(size range varied depending on the HL). The total volume of the aggregated HL was
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determined from the number of globules formed and their diameters. The globules formed
were spherical or near spherical shape. The size and number of globules formed were
monitored every three days during a 10-day period (1st, 4th, 7th, and 10th day). The globules
formed with the most volatile compounds, benzene and toluene, were monitored every day
during the first four days due to noticeable change in the globule size. The experiments
were performed four times, twice with salt water and twice with deionized water. The
estimated volume of the aggregated HL on the first day (fresh) were utilized for the
property analysis, and the data on the dynamics of the volume of aggregated HL within 10
days were used for the time dependent analysis (i.e., rate of change in captured volume).
In analogy to adsorption coefficient, Kd [L3/M], that describes the adsorption
capacity of a substance to solid material, we defined the aggregation coefficient, Kag
[L3/M], which represents the volume of the aggregated HL per unit mass of granular solid
material:
𝐾𝑎𝑔 = 𝑀

𝑉𝑎𝑔

(1)

𝑠𝑜𝑙𝑖𝑑𝑠

where, Vag is volume of HL liquid (mL), Msolids is the mass of granular particles (g), and
Kag is the aggregation coefficient (mL/g).

Results
Table 5.1 summarizes the total volume of HL aggregates and the percent from the
initial volume in salt water and deionized water (first day). Experiments were conducted
under conditions when the thickness of the floating HL layer was more than 4 times larger
than the particle size (estimated knowing the geometry and volume of the HL floating layer
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and the particle size passing through the sieve No. 40). The aggregation rates were
correlated with the physical properties of the HLs (Table 5.2, Fig. 5.2).

Table 5.1. Aggregation coefficient Kag (≤ 0.5 mL) and percent of the aggregated volume
from the initial (0.5 mL) for each HL. Data are averages of two sets; standard deviation is
given in parenthesis. Layer thickness to particle diameter ratio is > 4:1.
Salt water

Deionized water

Hydrophobic
liquid

Kag, mL/g

Volume, % of
initial 0.5 mL

Kag, mL/g

Volume, % of initial
0.5 mL

Decane
Tetradecane
Hexadecane
Benzene
Toluene
Ethylbenzene
m-Xylene
2-Chlorotoluene

0.17
0.08
0.12
0.24
0.15
0.26
0.14
0.47

34.9
16.8
23.1
48.1
30.8
52.1
28.0
94.4

0.15
0.12
0.13
0.20
0.27
0.24
0.29
0.47

29.7
23.5
25.9
40.3
53.5
48.4
57.6
94.9

(4.9)
(11.9)
(3.0)
(13.8)
(2.6)
(5.9)
(0.7)
(4.2)

(9.1)
(5.5)
(13.9)
(8.3)
(0.9)
(10.1)
(6.5)
(1.7)

Table 5.2. Selected properties of the hydrophobic liquids.
Molecular
Hydrophobic
Density[a] Viscosity[a]
Formula weight[a]
liquid
(g/mL) (mPa s)
(g/mol)

Interfacial
Surface tension
tension[a] with
(mN/m2) water[b],[c]
(mN/m2)
23.41
52.0

Solubility in
salt water /
Solubility in
water [a],[*]

Decane

C10H22

142.285

0.728

0.863

Tetradecane
Hexadecane
Benzene
Toluene
Ethylbenzene
m-Xylene
2Chlorotoluene

C14H30
C16H34
C6H6
C7H8
C8H10
C8H10

198.392
226.446
78.114
92.141
106.167
106.167

0.758
0.770
0.873
0.865
0.865
0.861

2.110
3.063
0.606
0.548
0.629
0.559

26.15
27.09
28.21
27.93
28.59
28.26

52.2
53.3
35.0
36.1
38.4
37.9

0.0017 / 0.0022
0.0004 / 0.0009
1354.0 / 1755.0
402.0 / 542.4
111.0 / 165.1
106.0 / 174.0

C7H7Cl

126.585

1.077

0.932

32.95

37.1[c]

n.d. / 106.3

a

Yaws, 1999.
Demond and Lindner, 1993.
c
Jasper and Seitz, 1958.
*
Solubility in salt water (34.472 ppm wt) / Solubility in water (0 ppm wt).
b
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Figure 5.2. Volume of the aggregated HLs in salt water (SW) and deionized water (DIW)
versus selected physical properties. Selection in ellipse indicates alkanes (decane,
tetradecane, and hexadecane); in rectangle – BTEX group (benzene, toluene, ethylbenzene,
and m-xylene); 2-chlorotoluene is the one outside groupings.

Analysis of the data in Fig. 5.2 allowed us to develop formulas (1) and (2) that
relate the amount of the aggregates to the properties of HLs. The aggregation number (AN)
of a HL relative to the water properties was introduced for two cases:
1)

Kinematic viscosity of the HL is lower than the kinematic viscosity of water

(𝑛𝑤 = 10-6 m2/s); or 𝑛𝐻𝐿 < 𝑛𝑤 , then:
𝐴𝑁 =
2)

𝜌𝐻𝐿 𝛾𝑎𝑖𝑟 𝑛𝑤
𝜌𝑤 𝛾𝑤 𝑛𝐻𝐿

(2)

Kinematic viscosity of a HL is higher than the kinematic viscosity of water

(𝑛𝑤 = 10-6 m2/s) or 𝑛𝐻𝐿 > 𝑛𝑤 , then:
𝐴𝑁 =

𝜌𝐻𝐿 𝛾𝑎𝑖𝑟
𝑛𝐻𝐿
𝑙𝑜𝑔
𝜌𝑤 𝛾𝑤
𝑛𝑤

(3)

Mass and volume of the aggregated HL can be estimated by the following
equations:
𝑀𝐴 = 𝐴𝑁 𝑀𝐻𝐿
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(4)

𝑉𝐴 = 𝐴𝑁 𝑉𝐻𝐿

(5)

where 𝜌𝐻𝐿 and 𝜌𝑤 are densities of a HL and water; 𝛾𝑎𝑖𝑟 and 𝛾𝑤 are surface tension of the
HL and interfacial HL and water tension; 𝑛𝐻𝐿 and 𝑛𝑤 are kinematic viscosities of a HL and
water, respectively; and 𝑀𝐻𝐿 is the mass of the floating HL, 𝑀𝐻𝐿 = 𝑉𝐻𝐿 𝜌𝐻𝐿 . Note that
𝑀𝐴 does not include mass of the adhered particles on the surface of the aggregates
(globules).
Theoretical results and the experimentally observed data are presented in Fig. 5.3.

Mass of aggregates (g HL)

0.7
0.6

Calculated
Observed
2-Chlorotoluene
Crude oil

0.5
0.4

Benzene

0.3
0.2

Ethylbenzene

Silicone
oil

m-Xylene
Decane
Tetradecane

0.1
Pentane

Toluene

Hexadecane

0.0
a

b

c

d

Figure 5.3. Observed and calculated mass of aggregates of the HLs in SW (0.5 mL of HL
and 1 g of fine quartz sand; layer thickness to particle diameter ratio is > 4:1); error bars
show ± 1SD. a. Pentane; b. Silicone oil (viscosity 50 cSt); and c. Crude oil (South
Louisiana crude) are added as additional HLs for validation of the equations 2-4. Among
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the eight initially tested HLs, d. 2-chlorotoluene showed the biggest range in size
distribution (globule size) and it was the most stable in terms of its shape and captured
volume in the globules (air bubbles are clearly visible on top of the globules).

Figure 5.4a summarizes the data collected on the behavior of the eight HLs over
time (decrease in volume, %) for the experiments conducted with deionized water and
saltwater. The rate constants for the change in the aggregated volume (loss due to
solubilization) were estimated for each HL in salt water and deionized water (Table 5.3,
Fig. 5.4b).

Change in volume of aggregates in SW
(% from initial)

100
90
Decane
80

Tetradecane

70

Hexadecane

60

Benzene

50

Toluene
Ethylbenzene

40

m-Xylene

30

2-Chlorotoluene
20
10
0
1

2

3

4

5
6
Time (days)

69

7

8

9

10

Change in volume of aggregates in DIW
(% from initial)

100
90
80

Decane

70

Tetradecane
Hexadecane

60

Benzene
50

Toluene

40

Ethylbenzene

30

m-Xylene
2-Chlorotoluene

20
10
0
1

2

3

4

5
6
Time (days)

7

8

9

10

4.0
y = 0.0016x + 0.0723
R² = 0.98

3.0
2.0
1.0
0.0
0

500
1000
1500
Solubility (ppm wt)

Dissolution rate in DIW
(day-1)

Dissolution rate in SW
(day-1)

Figure 5.4a. Decrease in total volume of the aggregated globules of HLs during 10 days.
Data are averages of two series of experiments conducted with salt water (SW) and two
series in deionized water (DIW).
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Figure 5.4b. Estimated dissolution rates in relation to solubility of the HLs.
Figure 5.4. Time dependency of the aggregated volume of globules and dissolution rates
(day-1) of the HLs.
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Table 5.3. Dissolution rate constants (day-1) of the volume loss in
aggregated globules of HL (time period = 10 days).
Hydrophobic liquid

Salt water, day-1

Deionized water, day-1

Decane

0.09

0.06

Tetradecane
Hexadecane
Benzene
Toluene
Ethylbenzene
m-Xylene
2-Chlorotoluene

0.07
0.14
2.22
0.91
0.08
0.18
0.01

0.04
0.07
2.95
0.60
0.26
0.19
0.02

Discussion and Conclusion
Experiments were conducted with HLs which formed certain thickness of the
floating layer (layer thickness to particle diameter ratio was > 4:1) and a solid granular
material (fine quartz sand, diameter < 0.425 mm and > 0.075 mm). Under these conditions,
we observed direct relationships between the amount of the HL aggregated as globules and
HL density and surface tension (Fig. 5.2). Interfacial tension (HL and water) and viscosity
showed nonlinear inverse correlations with the total volume the HL captured in the
globules formed by sand addition. The data exhibited similar trends for salt water and
deionized water (Fig. 5.2). The aggregation number (AN) (relative to water) was introduced
to correlate the properties of HLs and the aggregation rates (by weight or by volume). The
aggregation number was developed for two cases, depending on the kinematic viscosity of
the HL (higher or lower than the viscosity of water, nw = 1 cSt). Calculated values of the
predicted aggregated mass of the HLs were plotted versus observed data (Fig. 5.3). In
addition, three liquids were tested for validation of the equations derived. These included
pentane (n = 0.038 cSt), crude South Louisiana oil (n = 11.7 cSt), and silicone oil (n =
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50 cSt). Pentane and silicone oil showed good agreement with the calculated values;
however, the calculated value for the crude oil was higher than the predicted value
(estimated as 0.64 g versus measured as 0.38 g) obtained (data are averages of duplicate
tests). This may be explained by the higher complexity of the crude oil as the mixtures of
numerous organic compounds with different properties and polarities. Experimental
aggregation data can also vary depending on the manner the granular material is applied
(i.e., sprinkling vs all at once).
Once formed, globules of the aggregated HLs with fine quartz sand sank to the
bottom of the Erlenmeyer flask. Globules were fully or partially covered by sand particles
and had air bubbles (on top) due to entrapment of air during the rapid formation and sinking
of the globules (Fig. 5.1d, 5.1f, 5.1g, 5.1h, and 5.3d). Some of fully sand covered globules
(alkanes group, the lowest densities of the tested HLs) and partially sand covered globules
(BTEX group, higher densities) slowly ascended to the water surface and collapsed (or
floated) on the water surface after a few hours or days as the sand was released from the
globule surface (Fig. 5.1d and 5.1f). The amount of the aggregated HLs in the globules was
also altered over time, as the size of the globules decreased due to dissolution of HL from
globules (Fig. 5.4a). Dissolution rate constants were found to be highly correlated with the
solubility of HLs (R2 = 0.98 for both salt water and deionized water, Fig. 5.4b). The
globules formed with the most volatile and soluble HLs tested, benzene and toluene
(dissolution rate constants up to 2.95 day-1 and 0.91 day-1, respectively), were monitored
more frequently (every day during the first four days until they disappeared completely,
with no aggregated form remaining) (Fig. 5.4a). The dissolution rates of some of the HLs
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were higher in the deionized water than those measured in salt water (Fig. 5.4a and
Table 5.3), as expected from the solubility properties (Table 5.2).
As a potential environmentally friendly method for capturing floating oil slicks
(light hydrophobic liquids) with natural granular materials (such as sand) can provide
benefits for reducing the impact radius after spills of HLs in water, and developing
controlled subsurface remediation methods for the captured HLs. Higher aggregation
tendency was observed for the HLs with relatively high densities (but lower than the
density water) and HLs with high surface tension. Aggregated HLs dissolved in water from
the globules over time, depending on their solubility. In the case of a crude oil slick
captured with sand, aromatic compounds such as benzene and toluene are likely to
disappear from the aggregated form within the first 3-4 days. In order to capture and
recover such compounds, the response time should be planned accordingly.
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CHAPTER VI
GRAVITY INDUCED DENSIFICATION OF FLOATING CRUDE OIL BY
GRANULAR MATERIALS: EFFECT OF PARTICLE SIZE AND SURFACE
MORPHOLOGY
Boglaienko, D., and Tansel, B. 2016. Science of The Total Environment, 556: 146-153.
DOI: 10.1016/j.scitotenv.2016.01.214

Abstract
Densification and sedimentation of floating crude oil to the bottom of water column
reduces the radius of a spill and its mobility, preventing direct contamination of beaches,
coastal flora and fauna. Performances of different natural granular materials were evaluated
for capturing efficiency of floating fresh South Louisiana crude oil. The granular materials
studied were quartz sand with medium (20-30 mesh) and fine (40-100 mesh) particle size,
limestone with coarse (4-10 mesh) and medium (16-40 mesh) particle size, beach sand (2080 mesh), and clay (kaolin with ferric oxide; passing 200 mesh). Beach sand (mixture of
quartz and limestone 20-80 mesh) and limestone (16-40 mesh) demonstrated better
performance for capture, densification and submergence of the crude oil among the
materials evaluated. The behavior of granular particles with the hydrophobic phase can be
classified as (1) immersion entrapment inside the hydrophobic phase, and (2) partial
encapsulation of the hydrophobic phase by a single layer of particles. With crude oil, the
particles were primarily entrapped within the hydrophobic phase. Study of the effect of
particle size and morphology (i.e., porosity) of the granular materials on capture
performance showed that average surface pore size did not have a significant effect on
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aggregation with oil, however, higher capture efficiency was observed with materials of
higher surface porosity (beach sand and limestone). The experiments revealed that there is
a critical particle size range (passing 10 mesh) which resulted in more effective aggregation
of the granular materials with crude oil.

Introduction
The World oil production has increased from 8.5 million tons in 1985 to 11.7
million tons in 2000 in parallel with the number of offshore platforms also increased from
a few thousand in 1985 to about 8,300 in 2000 (Kvenvolden and Cooper, 2003; Input of
Oil, 2003). The amount of oil entering marine waters globally is estimated at 1.3 million
tons per year with 0.6 million tons from natural seeps, 0.150 due to spills during
transportation, and 0.450 million tons from spills during consumption of petroleum (Input
of Oil, 2003). Oil spills at sea have significant impacts in both open seas and near shore
environments due to spreading behavior of the floating oil (Tansel, 2014). The effects of a
petroleum release depend on the rate of release, characteristics of the petroleum, and the
local physical and biological character of the exposed ecosystems (Input of Oil, 2003).
Fresh spills of crude or petroleum based oils at sea move with currents and mixing due to
wind and sea conditions, quickly enlarging the impact radius. Spills near coastal areas
effect the ecosystems that are nesting grounds of both land and sea organisms as well as
economically important marine resources (e.g., fish, shrimp beds, beaches) (Tansel et al.,
2013; Tansel et al., 2014). For large oil spills at sea, the most commonly used response
method is the dispersant application by spraying. However, dispersants, as primary
response method for oil spills, have limitations for use near coastal areas and can be applied

77

in areas farther than 5.6 km (or 3 nautical miles) from shore and in waters deeper than 30
feet (or 10 m) (Making Decisions, 2005; Dispersant Use, n.d.).
Transport of oil to sediments is considered as important natural removal mechanism
(Payne et al., 1987; Bandara et al., 2011; Gong et al., 2014) and is called ‘surf washing’
(Lee, 2002; Owens and Lee, 2003; Sterling et al., 2004). In coastal areas, crude oil has a
tendency to form clay-oil flocs that add to shoreline cleansing (Bragg and Owens, 1995).
It was proposed to accelerate clay-oil flocculation process via spreading the mineral fines
(clays) on the shoreline (Bragg and Yang, 1996). Overall, it was summarized that between
20 to 30% of the total amount spilled can be naturally submerged and transported to the
sea bed as clay-oil flocs (Muschenheim and Lee, 2002); the other scenario simulations go
up to 65% of removed oil in the aggregated form with sediments (Bandara et al., 2011).
Our previous studies showed that capture (and densification) and aggregation
efficiency of fresh South Louisiana crude oil with granular materials can be as much as
80% when dry granular materials (i.e., limestone or quartz sand) are applied directly on the
floating oil slick (Boglaienko and Tansel, 2015; Boglaienko et al., 2016). When granular
particles are applied to the floating oil layer, they contact with the oil phase first, hence,
become hydrophobic before reaching the water phase. This is a significantly different
process from the above mentioned studies, and allows achieving much higher efficiency
for aggregation and capture of floating oil. The granular particle induced submergence of
floating oil, referred as raft formation (as a special case) by granular particles, was also
identified as a potential oil spill remediation method by Abkarian et al. (2013) for silicone
oil or mineral oils. Estimation of the amount of granular material (kg or lbs) needed to
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capture a fresh oil spill of a certain volume (liters or barrels) was performed by Boglaienko
and Tansel (2015) based on the experiments conducted with South Louisiana crude oil.
Sedimentation of floating crude oil to the bottom of water column does not
eliminate the toxic compounds from being released to the environment, but reduces their
mobility (i.e., keeping the impact radius small) and prevents direct contamination of
beaches, birds, and coastal flora. The objectives of this study were to compare the
performance of different natural granular materials for capturing floating crude oil in
relation to their particle size and surface morphology. Based on the experimental results,
we evaluated the differences in granular aggregation efficiencies of different natural
granular materials with crude oil.

Materials and Methods
South Louisiana crude (SLC) oil was obtained from the BP America Production
Company (Houston, TX). Quartz sand with medium particle size (20-30 mesh) was
obtained from Spectrum Chemical MFG. Quartz sand with fine particle size (40-100 mesh)
was obtained from Acros Organics. Limestone with medium particle size (16-40 mesh),
beach sand (20-80 mesh), and clay (kaolin with ferric oxide; passing 200 mesh) were
classified by sieving using standard sieves. The geophysical characteristics of the granular
materials are presented in Table 6.1.
Bulk density was measured as the ratio of dry mass to bulk volume, using a 25-mL
graduated cylinder and an analytical balance. Particle surfaces were examined by Scanning
Electron Microscopy (SEM) in combination with the qualitative analysis by Energy
Dispersive Spectroscopy (Field Emission SEM JEOL 6330 with EDS “Thermo”). Pore
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sizes were measured during the SEM imaging; and specific pore surface area was estimated
with ImageJ 1.48v software (National Institutes of Health, USA).
Aggregation experiments were performed in 125-mL Erlenmeyer flasks filled with
100 mL tap water and 0.5 mL fresh SLC oil. For the experiments, 1.00 ± 0.01 g granular
material was applied directly to the floating crude oil. Experiments conducted with
different amounts of granular material showed that this was the most effective granular
material to oil ratio for the materials used (Boglaienko and Tansel, 2015). The thickness of
the oil slick was 0.7 mm on average.

Table 6.1. Granular materials: particle size and bulk density; composition by Energy
Dispersive Spectroscopy (EDS) and images by Scanning Electron Microscopy (SEM): X15
for medium quartz sand, fine quartz sand, and beach sand; X20 for limestone and clay.
Mesh size / Bulk
Composition,
Material
opening,
density,
Image[1]
weight %
3
mm
g/cm

Medium
quartz sand

Fine quartz
sand

20-30 /
0.85-0.60

40-100 /
0.42-0.15

Si: 54.12
O: 45.88

1.68

O: 51.98
Si: 48.02

1.56
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Beach sand

20-80 /
0.85-0.18

Limestone

16-40 /
1.18-0.42

Clay

< 200 /
< 0.07

1

1.47

O: 52.83
Si: 33.46
Ca: 13.72

1.38

O: 53.10
Ca: 26.15
Si: 19.18
Al: 1.56

0.78

O: 48.50
Si: 28.40
Al: 14.53
Fe: 8.57

Scale bar: 1 mm

Preliminary tests showed that application rate of the granular material (quickly or
slowly by sprinkling) made a noticeable difference in the aggregation and submergence of
the floating oil with granular particles. Preliminary experiments were conducted to evaluate
the effect of different rates of sand addition to the floating oil layer. Experimental
observations showed that fast sand addition was more effective than slow addition (i.e.,
sprinkling) for submerging the floating oil. We have performed multiple tests which
showed good repeatability of the results, when sand was preweighted and added to the oil
layer from about 6 cm distance from the oil surface rapidly (using a small container which
is enough to hold the sand). For the experiments, the granular material was weighed in a
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small container and applied all at once to the oil surface from about 6 cm distance (without
mixing).

Results
Figures 6.1a and 6.1b present the aggregation of SLC oil with different granular
materials (6.1a floating oil, and 6.1b close up of the submerged aggregate). Coarse
limestone (4-10 mesh; 4.75-2.00 mm) was added to study the effect of particle size
(Fig. 6.1a). However, coarse limestone did not aggregate well with crude oil. Hence, it was
considered as ineffective and not included in Fig. 6.1b. Images in Fig. 6.1a are presented
in the order from finer to coarser particle size.
Figure 6.2 presents the SEM images of the five granular materials studied at X6000
magnification. Medium sand (a), quartz sand (b) and beach sand (c) had relatively smooth
surfaces. Limestone (d) has softer and more porous characteristics. Clay (e) particles
exhibited light and fluffy characteristics and remained floating on the water surface for a
couple of minutes.
Table 6.2 compares the characteristics of the granular particles with their oil capture
potential. The residual oil remaining was quantified from the film thickness by developing
a visual calibration scale. The calibration was performed by preparing a series of
Erlenmeyer flasks (10 flasks with same size used in experiments) and adding different
amounts of crude oil. The visual comparison of the residual oil with the calibration system
allowed determination of the amount of residual oil. This was the best method to quantify
the residual oil remaining as it was difficult to transfer the liquids due to smearing of crude
oil to the container resulting in loss of floating material. Beach sand was the most effective
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granular material for capturing floating oil. Beach sand also had the largest pores on the
surface as well as the largest specific pore surface area measured as nm2 pores / nm2 total
surface. Fine quartz sand was the least effective and had the smallest specific pore surface
area. Relationships between specific pore surface area, pore size (nm) and ratio of captured
oil to the granular material (mL/g) are shown in Fig. 6.3.
The densification behavior of floating crude oil with granular materials is
significantly different from that with pure hydrophobic liquids. Figure 6.4 compares the
differences in the aggregation characteristics of a pure hydrophobic liquid (decane) of the
alkane group (alkanes are the major component of the crude oil) and crude oil as a complex
mix of hydrocarbons.
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Oil

Clay1

Clay2

FQ1

FQ2

BS

MQ

Lst

CLst

Figure 6.1a. Profile views of the aggregation of crude oil and different materials: Oil as
the control; Clay1: right upon clay application; Clay2: 1.5 min after the application; FQ1:
fine quartz sand, slow addition; FQ2: fine quartz sand, fast addition; BS: beach sand; MQ:
medium quartz sand; Lst: limestone; and CLst: coarse limestone.
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Clay

BS

FQ1

FQ2

MQ

Lst

Figure 6.1b. Close up views on the aggregated materials with crude oil (bottom of a flask).
Clay; BS: beach sand; FQ1: fine quartz sand, slow addition; FQ2: fine quartz sand, fast
addition; MQ: medium quartz sand; and Lst: limestone.
Figure 6.1. Aggregation of SLC oil and different granular materials.
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a

b

c

d

e

Figure 6.2. SEM images for the granular materials observed at the magnification X6000
(scale bar corresponds to 1 μm): a. Medium quartz sand; b. Fine quartz sand; c. Beach
sand; d. Limestone; and e. Clay.
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Table 6.2. Porosity analyses of the granular materials (SEM – ImageJ) and aggregation
ranking.
Average
surface pore
Granular material
size (St.
Dev.), nm

Specific pore
surface area,
nm2 pores /
nm2 total
surface

Granular
material to
oil
volumetric
ratio

Captured
oil to
granular
material
ratio,
mL / g

Floating
oil
remaining, %

Rank
order of
agregation
effective
-ness[1]

Medium quartz
sand

208.7 (115)

0.12

1.18

0.30

40

4

Fine quartz sand

482.8 (402)

0.11

1.28

0.12

75

5

Beach sand

449.9 (329)

0.31

1.36

0.45

10

1

Limestone

348.4 (195)

0.18

1.44

0.40

20

2

Clay

225.0 (116)

0.17

2.56

0.37

25

3

1

1000

0.4

b

a
0.3

Pore size (nm)

Specific pore surface area
nm2 pores /nm2 total surface

Ranking from 1= highest to 5= lowest aggregation efficiency observed (based on floating oil
remaining after granular material addition).

0.2
0.1

800
600
400
200

0.0

0
0

0.1

0.2

0.3

0.4

0.5

0

Oil to granular material ratio (mL / g)

0.1

0.2

0.3

0.4

0.5

Oil to granular material ratio (mL / g)

Figure 6.3. Variation of oil capture efficiency in relation to specific pore surface area (a)
and pore size (b).
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a

b

c

Figure 6.4. Comparison of aggregation of decane (dyed with Sudan IV) and SLC with
clay: a. Decane immediately after clay addition; b. SLC oil after clay addition; and c.
Decane 3 minutes after clay addition.

Discussion
Effectiveness of different types of granular materials were evaluated
experimentally for capturing floating crude oil. The practical importance of the results
provides a novel method for immobilizing floating crude oil after spills at sea. Differences
in the aggregation charcateristics of the granular materials with SLC oil were observed and
presented in Fig. 6.1, as the comparison of visual data.
Interaction of granular materials with floating hydropbic liquids (HL) results in
formation of aggregates which are significantly different from those that form with pure
HL as presented in Fig. 6.5.
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Complete
encapsulation

Raft

Transitional
slurry

Slurry
Exterior

Cross section

Figure 6.5. Different types of aggregates formed with granular particles and hydrophobic
liquids. Complete encapsulation formed with a mixture of alkanes (decane, tetradecane,
and hexadecane) and beach sand particles, raft formed with 2-chlorotoluene and beach sand
particles, transitional slurry formed with SLC and clay, and slurry formed with limestone.
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Table 6.3. Comparison of experimental conditions in studies on submerging floating oils
with granular particles with raft and slurry formation.
Type of HL-granular particle aggregate formed
System parameters
studied

1. Hydrophobic
liquid
- Type

Raft
Slurry[1]

Raft

Raft

Abkarian et al.
2013

Tavacoli et al.
2012

Boglaienko et al.
2016

Slurry
Transitional slurry
This study

Pure HLs

Pure HLs

Pure HLs

Crude oil

- Density,
kg/m3

838 (mineral oil)
970 (silicone oil)

Considered for
dodecane (not
provided)
Considered for
octane (not
provided)

856 (South
Louisiana crude)[5]

- Interfacial
tension
(oil-water),
mN/m

51 (mineral oil)
30 (silicone oil)

Considered

728 (decane)
758 (tetradecane)
770 (hexadecane)
873 (benzene)
865 (toluene)
865
(ethylbenzene)
861 (m-xylene)
1077 (2-chloro
toluene)
–

- Surface
tension
(oil-air),
mN/m

–

–

–

- Viscosity,
mPa s

30 (mineral oil)

–

–

10

Not specified

1.0-1.6

3,800 (69%
zirconia)
6,000 (95%
zirconia)
0.175 (69%
zirconia)
0.2 (95% zirconia)

Considered (not
provided)

2,650 (quartz
sand)

2,650 (quartz)
2,710 (limestone)
2,350 (clay)

0.0015
(melamine)
0.01 (glass
beads)

0.2

0.03 (clay)
0.14 (fine quartz)
0.26 (beach sand)

- Floating
HL layer
thickness,
mm
2. Granular
particles
- Density,
kg/m3

- Radius
(average),
mm

90

Experimental
observations
showed this to be
an important
parameter
Experimental
observations
showed this to be
an important
parameter
Experimental
observations
showed this to be
an important
parameter
0.7

0.36 (medium
quartz)
0.40 (limestone)
- Contact
angle
- Type

–

10-15º

15-47º

–

Zirconia
Beach sand

Quartz sand

As provided in
Table 6.1

- Shape

Spherical

Melamine
Glass beads
with
polyethylene
glycol layer
Spherical

Irregular

- Porosity

–

–

–

- Surface
roughness
3. Water phase

Smooth

Smooth

Rough

Irregular and
spherical As
provided in
Table 6.1
As provided in
Table 6.2
Varies, Fig. 6.2

Ultrapure

Not specified

4. Particle
application method

Slowly, forming a
monolayer, and
reaching interface
independently
Particle and HL[2]

Not specified

Synthetic sea
water, 34 ppt
Fast, all at once[4]

Tap water[6]
Fast, all at once

5. Submerged
Particle and HL Particle, HL, and
Particle and oil
aggregate
air
(clay)[7]
composition
Particle, oil, and air
(physical phases
(quartz and
present)
limestone)
6. Submergence
20 (raft)
2
4.5
4.5
distance (hydrostatic 2 (slurry)[3]
pressure), cm
7. Amount of
0.5-0.1 kg of sand
–
–
2 kg[8]
granular material to
capture 1 L floating
HL
1
Slurry formation was reported but not analyzed. Only raft formation was analyzed in detail.
2
No entrapped air during the encapsulation (raft formation), as the particle addition was slow.
3
Water depth is too short for a stable slurry formation (due to lack of adequate hydrostatic
pressure).
4
Considered for field applications for capturing spills (e.g., controlling transport of oil spills at sea
or on surface waters).
5
Source: EPA/600/R-03/072. USEPA. 2003. Characteristics of spilled oils, fuels, and petroleum
products: 1. Composition and properties of selected oils.
6
Preliminary results carried out and deionized and salt water (34 ppt) showed that salinity did not
affect the aggregation rates.
7
Fast addition of clay particles but slow aggregate formation, allowing air between particles to be
gradually replaced with oil completely (by capillary sorption).
8
Estimated for slurry, not raft type aggregate, based on experimental results to capture and
submerge floating crude oil with 90% efficiency (Boglaienko and Tansel, 2015).
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Studies with pure liquids have reported on raft formation or encapsulation with
granular particles aligning at the HL-water inteface. The characteristics of the rafts have
been studied in terms of particle and HL charecteristics and experimental conditions as
summarized in Table 6.3.
However, the characteristics of the rafts (or encapsulation) forming with pure
liquids are very different from those forming with crude oil (Fig. 6.5). With SLC, the
majority of the granular particles remained impacted inside the HL phase with only a small
fraction visible at the HL-water interface with fine quartz, beach sand, and limestone. With
clay particles, the aggregates formed very slowly by capillary movement of oil into clay
globules. Mathematical equations developed for raft formation scenarios are not applicable
due to different physical interactions and physical orientatation of the particles within the
aggregate.
Different aggregation types that formed with SLC can be classified as transitional
slurry formed by capillary mechanism (i.e., particles are layered outside the hydrophobic
phase, as with clay), agglomeration (i.e., particles are outside but partially submerged in
the hydrophobic phase, as with medium quartz), and slurry (i.e., some particles are partially
outside but majority of the particles are entrapped within the hydrophobic phase, as with
fine quartz, beach sand, and limestone).
Clay particles floated on the oil slick allowing oil to be slowly absorbed by capillary
forces while floating. Clay particles stayed together mainteining interparticle air space,
which was eventually replaced with oil. Once the aggregate was formed, its density
increased, causing it to sink. We did not observed air within the submerged aggregate
because the process was very slow, allowing air to be gradually replaced by oil.
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The granular materials with larger particle sizes had higher bulk density (Table 6.1)
and aggregation occurred instanteneously. However, fine quartz, beach sand and limestone
still exhibited some capillary behavior, with partially or fully immersed particles into the
hydrophobic globule of crude oil (Fig. 6.1b and 6.1c). The behavior of granular particles
with the hydrophobic phase can be grouped as (1) immersion by particle entrapment inside
the hydrophobic phase (i.e., slurry) and (2) partial encapsulation by forming a single layer
of particles outside the hydrophobic phase (i.e., raft formation), Fig. 6.5. The immersion
behavior can be attributed to capillary immersion forces (Kralchevsky and Nagayama,
1994) and may be directed and ordered by electrostatic forces (Danov et al., 2006;
Nikolaides et al., 2002). However, this theory is developed for Pickering emulsions (for
colloidal particles), where electrostatic forces are relatively important for formation of
larger aggregates. Conversely, the systems with granular particles also have significant
gravitational forces, which effect the penetration of particles into the hydrophobic phase.
Further investigations are needed to characterize the behavior of granular particles in
relation to encapsulation of the hydrophobic phase vs immersion and entrapment within
the hydrophic phase while densifying and immobilizing the floating phase in aqueous
medium.
Quartz sand with medium particle size did not form slurry type aggregation, but
rather an agglomerate with smaller wetting angles, hence, they were mostly positioned
outside the aggregate. SEM images revealed that the surface of the medium quartz sand
particles is smoother than the limestone particles (with similar particle size) (Fig. 6.2a and
6.2d); specific pore surface measured as the relation of the surface pores to total surface
were 0.12 and 0.18, respectively (Table 6.2). As it can be seen from Figure 6.2d, the pores
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within the limestone particles penetrate deeper into the body of the material (sponge-like),
which may explain better wetting properties and higher aggregation efficiency with oil in
comparison to that for quartz sand with similar grain size. The specific pore surface areas
of quartz sand with fine and medium particle sizes are similar, 0.11 and 0.12 respectively.
Despite the average size of the surface pores of the fine quartz particles is more than twice
the average pore size of the medium quartz particles (Fig. 6.2a and 6.2b), the aggregation
of medium quartz sand with oil has higher rank and less floating oil remaining (Table 6.2).
Beach sand is considered as a mixture of quartz and limestone particles (Table 6.1, ESM
data on composition). The performance of beach sand was the highest among the granular
materials studied (Fig. 6.1a) but it was noticed that aggregation rates may vary depending
on the method the granular material is applied. Specific pore surface area and rank of
aggregation of beach sand were the highest (0.31 and rank 1) amongst the materials studied.
Finally, coarse limestone showed very small aggregation with crude oil, due to its relatively
larger particle size, which may have caused the particles to move through the floating layer
rapidly, preventing them to aggregate and capture oil effectively (Fig. 6.1a).
The observations and experimental data showed that particle size, and surface
porosity (or roughness) of granular particles affect their aggregation potential with crude
oil, however, the size of the surface pores appear to be not a signifiant factor (Fig. 6.3). It
is in agreement with the findings of the authors Halsey and Levine (1998), who concluded
that surface roughness of such material as sand controlls the strengths of capillary bridges.
Also, there appears to be an optimum particle size range (< 2.00 mm of a mesh opening)
that allows effective aggregation while the particles pass through the floating oil layer.
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Additional experiments were performed with clay and decane (as a representative
of the alkane group, the main constituent of crude oil) to compare the effect of polar
functional groups that are present in crude oil with a nonpolar hydrophobic substance
(decane). As shown in Fig. 6.4, the presence of the polar compounds (asphaltenes) in crude
oil effects the interaction of granular particles with crude oil significantly. Asphaltenes are
known to induce wettability of crude oil on mineral surfaces (Yan et al., 1997; Zhen et al.,
2001), and as demonstrated by the experiments, the aggregation characteristics of clay with
crude oil versus clay and decane occur by significantly different mechanisms.

Conclusions
In this study, we experimentally evaluated the performance of granular materials
for capturing floating crude oil. Sand (two particle sizes), limestone (two particle sizes),
beach sand and clay were used as the granular materials. Densification and submergence
of the floating oil occurred by partially or fully entrapment of particles within the oil phase.
This is a different mechanisms than the encapsulation (or raft formation) reported with pure
oils (Abkarian et al., 2013) and pure hydrophobic liquids (i.e., silicone oil, alkanes). The
observed aggregates formed with initially floating crude oil can be classified as transitional
slurry formed by capillary mechanism (clay), agglomeration (medium quartz), and slurry
(fine quartz, beach sand, and limestone). High surface porosity of the granular particles
resulted in higher capture efficiencies of the floating oils per unit weight of granular
material applied. However, there is an optimum particle size range (smaller than 2.00 mm
opening of 10 mesh) that allows effective aggregation as the particles pass through the
floating oil layer.
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Surface pore size did not have a significant effect on oil capture efficiency. The
experimental results provide the insight to investigate the capillary and electrostatic forces
acting on granular particles in oil aggregates. These systems with granular particles are
different from the well-studied emulsions and colloidal suspensions.
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Abstract
Granular particles added to floating oils can transform the floating layer to
submerged state. Here we show that there is a critical thickness at which the floating oil
can hold large amounts of particles by forming an elastic oil-particle bowl while keeping
some particles in completely dry state. Furthermore, we observed that at high particle
application rates, a vertical channel forms in water through which floating oil submerges
rapidly. Transformation of floating liquid to high strength elastic state has important
implications for particle induced reinforcement at liquid-liquid interfaces; while formation
of liquid-in-liquid channels by granular particles enables pipeless and rapid transfer of
floating liquids.

Introduction
Understanding the behavior of light hydrophobic liquids in water and their
interaction with granular particles is needed for controlling the fate of oil spills in the
environment, as well as for development of treatment processes and oil spills mitigation
strategies (Abkarian et al., 2013; Boglaienko and Tansel, 2015).
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The aggregation of light hydrophobic liquids with granular materials is similar to
liquid marble formation, however, unlike liquid marbles, which are liquid droplets
encapsulated by hydrophobic particles exposed to air (Walker et al., 2013; Aussillous and
Quere, 2001; Aussillous and Quere, 2006), the particle-oil aggregates are hydrophobic
liquids encapsulated by granular solids in water (Boglaienko and Tansel, 2016a;
Boglaienko and Tansel, 2016b; Tavacoli et al., 2012).
Encapsulation or, in our case, aggregation of hydrophobic liquids with granular
particles depends on factors that can be divided into two major categories: physical and
chemical properties, and application mode. Physical properties of hydrophobic liquids,
such as density, viscosity, and surface and interfacial tension affect aggregation rates with
granular materials (Boglaienko and Tansel, 2016a; Bormashenko et al., 2013). Particles
size, wettability, and surface morphology are related to aggregation efficiency (Boglaienko
and Tansel, 2016b; Nguyen et al., 2010), and capillary cohesion (Domenech and Velankar,
2015). Chemical composition of both liquids and granular materials influences transport
and positioning of particles at the hydrophobic liquid and water interface (Boglaienko and
Tansel, 2017). Application mode is a less studied category of parameters, as it depends on
the experimental design and test conditions. Particle to liquid ratio (Boglaienko and Tansel,
2015), or volume fraction (Tavacoli et al., 2012), has been considered as the most important
application factor for the particle-oil formation. However, application rate has not been
evaluated for this type of particle and oil interactions. Application rate (mass of particles
per unit of time) was controlled in this study as the main parameter. Different submergence
and aggregation patterns of oil occurred with granular particles (i.e., vertical liquid
bridging, or roping state, and capillary bridging for particle retention, or bowl state). Thus,
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the main objective was to investigate the interactions of granular particles, which were
applied at different flow rates, with floating oil layer of different thicknesses.
Regarding the application mode of particles, different flow regimes have been
studied which affect mobility characteristics of the granular particles (Forterre and
Pouliquen, 2008; Coussot, 2005; Coussot and Ancey, 1999; Ovarlez et al., 2010). These
flow regimes have been classified as solid, liquid, and gaseous types depending on
interaction of particles (Forterre and Pouliquen, 2008). Behavior of particles is very
different in each flow regime and in the transition states (i.e., jamming transition from
liquid to solid flow (Ovarlez et al., 2010). However, the interaction of the granular particle
flow with immiscible liquids involving a hydrophobic liquid-water interface and different
submergence patterns have not been reported in the literature.
The investigation of submergence patterns of floating oil by granular particles
opens up the possibilities for transformation of light hydrophobic liquids to different states.
These transformations can be used to explore novel technologies for capturing and
stabilizing light hydrophobic liquids in a controlled manner. Further investigations of the
particle-oil interactions can lead to development of efficient treatment methods which can
be as effective as the conventional methods employed for oil and grease removal (Pintor et
al., 2016). Additionally, the submergence patterns and characteristics of the particle-oil
aggregates provide insight into the mechanisms for breaking the floating oils under the
influence of surface tension and gravity forces.
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Materials and Methods
Experiments were conducted with South Louisiana crude oil (MC 252), obtained
from the BP America Production Company (Houston, TX), and quartz sand with two
different particle sizes. Pure quartz sand with fine particle size (40-100 mesh that
corresponds to particle size range of 0.42-0.15 mm; average 0.28 mm) was obtained from
Acros Organics; pure quartz sand with medium particle size (20-30 mesh with particle size
range of 0.85-0.60 mm; average 0.72 mm) was obtained from Spectrum Chemical MFG.
Submergence experiments were performed in a 50 mL beaker filled with tap water
and placed on an electronic balance to monitor the addition rate of the particles. Quartz
sand was applied to the floating South Louisiana crude oil layer through a funnel equipped
with a stopper. The application rate of sand was controlled by using funnels with different
size openings. The distance from the funnel opening to the floating oil surface was
maintained the same (8 cm). The experiments were carried out at the room temperature
(22 ºC).
Sand particles, reaching the floating layer, initiated instantaneous aggregation
followed by retention and/or submergence of the particle-oil aggregates. Transition time
for the submergence patterns varied, but for the majority of the experiments it occurred
within several seconds. The granular particles passed through the floating oil without
aggregation in less than one second. Vertical transfer of the floating oil by roping also
occurred within one second. The time needed for the transition of oil from the floating to
the submerged state as a small aggregate was 1-2 sec, and, as a large aggregate with a
significant amount of sand retained (bowl formation), was 10 sec on average.
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The thickness (h, mm) of crude oil layer was varied during the experiments. The
amount (volume, V, mL) of oil added was estimated by mass (m, g) and density (ρ, g/cm3)
of the oil and the radius (r, mm) of the oil slick (h = V / π r2, or h = m / ρ π r2).
Impact force of a particle was calculated as F = mp g hl / d, knowing mass of a
particle (mp, kg); acceleration due gravity (g, m/s2); distance from a funnel opening to
liquid surface (hl, m); and travel distance of a particle in oil after impact (d, m).

Results and Discussion
The experiments conducted with crude oil and granular sand particles showed that
there were six distinct submergence patterns of the particle-oil aggregates depending on
the floating oil thickness, particle size, and particle addition rate (Table 7.1). These patterns
were described as pass through (particles coated with thin oil film and submerged
discretely), small aggregates (particles aggregated within submerging liquid oil drop),
small and large aggregates, bowl formation (particles retained in the floating state, while
forming a strong elastic paste), aggregates followed by bowl formation, and liquid roping
(formation of a liquid pipe through which oil and particles submerged rapidly).
When the floating oil layer was thin (0.03 mm) and the ratio of particle size to oil
layer thickness was high (up to particle size / oil layer = 25 and higher), particles, regardless
of their size and application rate, were able to pass through the oil rapidly by the
gravitational forces (Fig. 7.1a, region I). As the particles passed through the thin oil layer,
they became hydrophobic. The surface of particles was observed to be covered by thin oil
film. Because the thickness of oil film did not allow capillary bridging between particles,
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they submerged discretely. We described this thin oil film coating on the particles as
immobile oil shell (Fig. 7.1b, scheme a).
Increasing floating oil layer thickness led to formation of both small and large
aggregates (Fig. 7.1a, regions IV and V respectively). As the particle size to oil thickness
ratio decreased, or the floating oil layer thickness increased (0.14-1.21 mm), the particleoil aggregates became larger. The thicker liquid oil shell around the particles functioned as
the joining medium for particle-oil aggregates (Fig. 7.1b, scheme c). The relatively high
application rate (0.87 g/s) of the particles at low ratios of particle size to oil thickness
(around 1:1) resulted in higher amounts of oil to be captured in the aggregates that
submerged through the water phase. The submerging aggregates contained oil in liquid
state with the granular particles positioned at the oil-water interface and within the
hydrophobic body of the aggregate, – slurry type (Boglaienko and Tansel, 2016b).
Further increase of the particle addition rate (1.58 g/s for the quartz sand with
average particle size 0.28 mm) resulted in a phenomenon that we call roping, or liquid pipe
(Fig. 7.1a, region VI). Roping state occurred during the liquid type of granular flow regime
(Forterre and Pouliquen, 2008). Regardless of the thickness of the floating oil layer, the
impact force (0.085 mN per particle) caused formation of a tail behind the submerging
particle-oil aggregates as the particles settled at a faster rate than the oil surrounding them.
Vertical merging of liquid tails formed a liquid channel in water through which the floating
oil submerged rapidly (Fig. 7.1b, scheme b). Formation the oil channel resulted in
submergence of essentially the entire floating oil layer with no visible residual oil
remaining in the floating state.

104

Another observed phenomenon that has not been reported in the literature was the
formation of so-called bowl state, at which the floating particle-oil aggregate was able to
hold particles over 10 times the weight of the oil slick itself. At the bowl state, the granular
particles formed a strong paste-like slurry which retained practically half of the particles in
a completely dry state (without coming in contact with oil and water) while still floating.
At this state, the oil-water interface exhibited high stretching ability with the increasing
weight of the particles. In the series of experiments conducted (using both types of quartz
sand with average particle sizes 0.28 and 0.72 mm), the thickness of the oil layer at which
the bowl formation occurred was between 0.06 to 0.17 mm for fine sand and between 0.06
to 0.15 mm for medium sand (0.10 mm on average), as shown in Fig. 7.2a,b. It is important
to note that the addition rate of the granular particles should be small enough (0.20-0.32
g/s; gaseous type granular flow regime (Forterre and Pouliquen, 2008) not to break the
floating particle-oil aggregate that is carrying the particles (Fig. 7.1a, region II). In the bowl
state, the liquid oil shell saturates with particles, decreasing radius of the shell while
immobilizing the particles as it transitions to the paste-like state. At this state the particles
are held together tightly by capillary bridging (Fig. 7.1b, scheme d). Bowl formation
resulted in capture and removal of almost all the floating oil when it eventually submerged
with the added weight of the particles.
With the increasing rate of granular particle addition (0.87 g/s) particle-oil
aggregates submerged without forming a bowl (transition of the region II to region IV).
When the amount of floating oil increased (0.23-0.56 mm), or the ratio of particle size to
oil layer thickness was reduced, particle-oil aggregates formed and submerged until the oil
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layer reached the critical thickness for the bowl formation (transition of the region II to
region III that has both aggregates and bowl formation states), Fig. 7.1a.
Figure 7.2 illustrates the observations from the four sets of experiments that resulted
in the phenomena described above. Quartz sand with particle sizes 0.28 and 0.72 mm
resulted in a floating granular reinforced state which formed the bowl state due to increased
elasticity of the particle-oil aggregate at sand addition rates 0.20 and 0.32 g/s, respectively.
When the oil thickness was above the critical thickness for the bowl state (over 0.15-0.17
mm), particle-oil aggregates formed and submerged initially (Fig. 7.2a,b). Interestingly,
the thicker the oil slick was at the start of the sand addition, the smaller the first particleoil aggregate formed and submerged from the floating phase, followed by formation of
larger aggregates. The largest aggregate was formed just before transitioning of the floating
oil to the bowl state. We relate this formation of the larger submerging aggregate to the
increase in cohesive interactions due to proximity of the particles to each other. As the
thickness of the remaining oil layer was reduced, the particle-particle interactions became
stronger because of the bridging phenomenon. Overall, at the high addition rates with both
particle sizes (1.58 and 0.87 g/s), simpler submergence patterns were observed (i.e., roping
and formation of aggregates only), Fig. 7.2c,d.
We find bowl formation as a unique state of transformation of a hydrophobic liquid
to a paste-like state that is able to retain its shape. Accumulation of particles starts in the
middle of the impact area, growing to the sides of the oil layer, adsorbing floating oil while
holding additional layers of particles. The bowl can accumulate a layer of sand over 5 mm
thick (Fig. 7.3a-c). This thickness is above the capillary length for South Louisiana crude
oil and water (a = (γ / ρ g)1/2, a = 1.76 mm for oil and 2.7 mm for water) and the sand
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particles accumulating on the top layers remain dry. Once the bowl stretches enough by
the increasing weight of the granular particles, the edges become weaker. As the bowl
continues to stretch, it breaks from the side, allowing water to enter, causing the bowl to
break (Fig. 7.3a,b,c). An analogy can be drawn with the observations from wicking
experiments (Raux et al., 2013), where glass beads (with 0.256 mm radius) were deposited
as a floating layer at the interface between ethanol bath and air. The significant difference
is that, once the pile of beads was impregnated by ethanol, a single bead was detached and
submerged. In our experiments, the particle-oil bowl acted as a unified body holding all
the particles while the hydrophobic-hydrophilic interface became reinforced. Other
hydrophobic liquids were also tested for bowl formation and exhibited similar unified state.
Fig. 7.3d,e shows decane (dyed with Sudan IV for ease of observation). Even after the bowl
breaks and submerges, it continues to retain its shape.
Another notable hydrophobic liquid and particle aggregate formation, which was
referred as raft (Abkarian et al., 2013), was also observed (Fig. 7.3e). This type of
aggregation was reported by Abkarian et al. (2013), and it represented a specific state of
interaction and submergence pattern of hydrophobic liquids with granular particles.
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Table 7.1. Submergence patterns of floating crude oil with granular particles. Identified
regions refer to Fig. 7.1a.
Submergence pattern
Pass through

Dominant effects and
forces
Gravitational

(Region I)

Small aggregates
(Region IV)

Small and large
aggregates
(Regions IV and V)

Bowl formation
(Region II)

Aggregates followed
by bowl formation
(Region III)

Roping
(Region VI)

Gravitational
Cohesion
Capillary bridging

Gravitational
Cohesion
Capillary bridging
Viscous stretching and
pinch off

Gravitational
Cohesion
Capillary bridging
Viscous stretching (no
pinch off)
Elastic/Plastic
stretching
Gravitational
Cohesion
Capillary bridging
Viscous stretching and
pinch off
Followed by:
Viscous stretching (no
pinch off)
Elastic/Plastic
stretching
Gravitational
Cohesion
Inertial effects and
jetting
Viscous stretching (no
pinch off)
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a

b

Figure 7.1. Submergence patterns and granular interactions: a. Conceptual submergence
pattern diagram for South Louisiana crude oil and quartz sand (average particle sizes 0.28
and 0.72 mm), regions are: I pass through, II bowl formation, III aggregate following bowl
formation, IV small aggregates, V large aggregates, and VI roping state. Division lines
between different submergence states are approximate. b. Behavior of granular particles in
different states and interaction with oil: (a) immobile oil shell during pass through state
(very thin oil film on the particles), (b) elongation of mobile oil shell due to viscous
interactions during submergence in roping state, (c) mobile oil shell interactions during
large aggregate formation, and (d) immobilization of mobile shell during bowl formation.
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a

b
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c

d

Figure 7.2. Submergence patterns of granular particles: a. Quartz particles with 0.28 mm
average size at 0.20 g/s application rate; b. Quartz particles with 0.72 mm average size at
0.32 g/s application rate; c. Quartz particles with 0.28 mm average size at 1.58 g/s
application rate; and d. Quartz particles with 0.72 mm average size at 0.87 g/s application
rate. The same color represents the submergence states during each test condition (for
example, aggregate formation-bowl-pass through; or bowl-pass through; or pass through
only, depending on the oil thickness at the starting point). Scale bar on photos: 4 cm. Colors
identifying each region are the same as defined in Fig. 7.1a.
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a

d

b

c

f

e

Figure 7.3. Occurrence of bowl state: a-c. Top and side views of bowl formation; d, e.
Bowl formation with decane (dyed with Sudan red) and quartz particles (0.28 mm); (e)
submerged bowl (paste-like aggregate); near spherical globules below surface are the raft
type of hydrophobic liquid-particle aggregates. f. Strength and elasticity of the floating
aggregate that formed at the critical oil thickness which resulted in bowl formation
(floating) and large aggregates that submerged when the oil layer was above the critical
thickness (submerged) prior to bowl formation. Scale bar: 1 cm.

Conclusion
In conclusion, our observations of the bowl and roping (liquid pipe) states provide
possibilities for using granular materials to capture and control floating oils by phase
transformation (i.e., as floating paste or submerged state). The floating bowl state can have
applications for handling and processing immiscible liquids. The high strength of the
particle-oil aggregate at the bowl state provides insight on the conditions that lead to loss
of particle transfer through liquid-liquid interfaces. Occurrence of the critical state at
which the particle transfer through the floating layer is prevented can be used for granular

112

enforcement of liquid-liquid interfaces. Another important observation is the formation of
the liquid pipe which provides transfer of the floating oil to the submerged state rapidly.
This allows the concept of using granular particles for pipeless transfer in immiscible liquid
systems. From a general application point of view, our results demonstrate use of granular
particles for phase transformation of light hydrophobic liquids.
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APPENDIX
PREFERENTIAL POSITIONING AND PHASE EXPOSURE OF GRANULAR
PARTICLES AT HYDROPHOBIC LIQUID-WATER INTERFACE
Boglaienko, D., and Tansel, B. 2017. Journal of Cleaner Production 142: 26292636. DOI: 10.1016/j.jclepro.2016.11.014

Abstract
The positioning of granular limestone and quartz particles at the hydrophobic
liquid-water interfaces was evaluated and compared experimentally and analyzed by the
theoretical analyses by considering the electrostatic interaction and gravitational effects.
Experiments were performed with light hydrophobic liquids (tetradecane, silicone oil with
viscosities 10 and 100 cSt, and South Louisiana crude oil) which were submerged by
granular limestone and quartz with different particle sizes (average particle radius 0.25,
0.10, < 0.004 mm). The particles of similar size but different materials (i.e., limestone,
quartz) exhibited noticeably different behavior within the hydrophobic phase and in their
positioning and transport towards the hydrophobic liquid-water interface. The comparison
of the dimensionless Bond number for the systems evaluated showed discrepancies
between the Bond number theory and experimental observations. The preferential behavior
of less than millimeter sized granular particles at the hydrophobic liquid-water interface
was found to be predominantly affected by the electrostatic force only.
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Introduction
Granular materials (i.e., sand, limestone) possess an ability to aggregate with a
hydrophobic phase (oil), capturing significant amounts of oil that floats on a water surface.
The phenomenon of selective positioning (aggregation with oil) of granular materials at
the non-colloidal scale at the hydrophobic liquid-water interfaces has not been extensively
studied and reported in the scientific literature. However, it is a topic of an interest as the
understanding of the granular particle behavior is required for the possibility of using
readily available granular materials for capturing oil and controlling mobility of floating
oils as a treatment method (Abkarian et al., 2013; Boglaienko and Tansel, 2015;
Boglaienko and Tansel, 2016). A number of studies have been conducted with monolayers
of particles at the hydrophobic liquid-water interfaces. The reported findings and
theoretical analyses were either based on or developed for colloidal systems (particulate
material of 0.01-0.05 mm or a few micrometers in size) (Tavacoli et al., 2012; Horozov et
al., 2003; Nikolaides et al., 2002) or nanoscale particles (Kralchevsky et al., 1994; Danov
et al., 2006). It is important to report the findings of our study as there are significant
differences in the particle behavior at the hydrophobic liquid-water interface when the
particles are of granular size. This study focuses on the behavior and positioning of
relatively larger size particles (0.20-0.50 mm in diameter) after they were introduced to a
floating hydrophobic liquid phase and submerged in water (forming a particle-hydrophobic
liquid aggregate).
Gravitational and electric fields act on a particle in a given conventional space and
time system. Prevalent action of one or the other is related to the particle mass (size). The
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magnitude of the gravitational force can be expressed by the Newton’s law of universal
gravitation:
𝐹=

𝐺𝑚𝑀

(1)

𝑟2

The magnitude of the electrostatic interaction between the particles can be
expressed by the Coulomb’s law:
𝐹=

𝑘𝑞𝑄

(2)

𝑟2

The two laws have similarities but they are of different nature. Newton’s law
describes the interaction between bodies with particular masses (equation 1) and
Coulomb’s law describes the interaction between static electrically charged particles
(equation 2) over the distance r. Unlike the gravitational force, electrostatic (Coulomb)
force can be either attractive or repulsive (depending on the charges).
The balance of the forces acting on a particle in liquid media can be generally
expressed as the summation of the gravitational and electrostatic forces as follows:
FT = FE + FG

(3)

For systems with very small particles (e.g., particles of colloidal scale) in liquid
media, gravitational force is neglected and the particle-interface interaction is based on the
interaction of electric charges only (FT = FE). This type of particle interaction forces is
referred as electrostatic image force or electrodipping force. Electrostatic image force
causes attraction of a particle to the oil-water interface and electrodipping force pushes a
particle into the water phase (Tavacoli et al., 2012; Danov et al., 2004). In this study, for
simplicity of descriptions we will call the force that affects positioning of a particle relative
to the hydrophobic liquid-water interface as electrostatic force.
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Electrostatic force acting on a particle can be expressed as (Danov et al., 2006):
𝐹𝐸 =

𝛽23 𝑄2
4𝜖2 (𝑅+𝑠)2

𝑓

(4)

In order to make a change from the Gauss (CGSE) system of units to the International
System of Units (SI), we express the force as follows:
𝐹𝐸 =

𝛽23 𝑄 2
16𝜋𝜖0 𝜖2 (𝑅+𝑠)2

𝑓

(5)

where R is the particle radius (m); s is the distance from the oil-water interface (m) as
depicted in Fig. 1; 𝜖0 is permittivity of free space (8.8542·10-12 F/m); 𝜖2 is the dielectric
constant of a hydrophobic phase; 𝑓 is dimensionless force coefficient; and 𝛽23 is a
dimensionless parameter; and Q is the total surface charge of a spherical particle.

Figure 1. Schematic representation of the system with a particle and the oil-water interface
(adapted from Danov et al., 2006). The particle (phase 1) of a radius R is immersed in oil
(phase 2) at the distance s from the oil-water interface, water (phase 3). 𝜖1 , 𝜖2 , and 𝜖3 are
dielectric constants of particle, oil, and water phases respectively.
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In similar studies (Abkarian et al., 2013 and Tavacoli et al., 2012) that involved
encapsulation of hydrophobic liquids by particles, Bond number (which compares the ratio
of gravitational force acting on a particle in liquid phase to surface tension of the liquid)
was the principal approach used for the numerical analyses and modeling. We also
compared the relative importance of the gravitational force on the orientation of particles
at the hydrophobic liquid-water interfaces (in view of the particle preferences towards one
phase) using the dimensionless Bond number. The values of Bond number (Bo) were
calculated for three hydrophobic liquids and two types of granular materials (lime stone
and quartz) with fine and medium particle sizes as follows:
𝐵𝑜 =

𝑔∆𝜌𝐷 2

(6)

𝛾

where g is gravitational acceleration (m/s2); ∆ρ is difference in densities of a granular
material and a hydrophobic liquid (kg/m3); D is diameter of a particle (m); and γ is surface
tension (in our case interfacial tension) of a hydrophobic liquid with water (N/m).
The purpose of this study was to analyze the observed differences in the behavior
and positioning of natural granular particles (quartz and limestone) at the hydrophobic
liquid-water interfaces and to evaluate the dominant force impact on the particles behavior.
We conducted experiments using limestone and dyed quartz particles with 0.20 mm (fine)
and 0.50 mm (medium) in diameter on average. The particles with different colors were
used so that positioning of particles with different sizes could be visually observed in the
hydrophobic liquid-water systems. The behavior of the particles at the hydrophobic liquid
(tetradecane, silicone oil, and crude oil) and water interfaces were analyzed by application
of the electrostatic image force theory. Relative importance of the gravitational force and
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interfacial tension on the orientation of particles at the hydrophobic liquid-water interfaces
was compared using the dimensionless Bond number.

Materials and Methods
Experiments were performed with tetradecane (obtained from Fisher Scientific,
purity > 99.0%), silicone oils of viscosities 10 and 100 cSt (obtained from Acros Organics),
and South Louisiana crude oil (obtained from BP America Production Company, Houston,
TX) as the hydrophobic liquids. Particles used in the experiments represent the natural
granular materials, limestone and quartz sand. Colored (green and brown) quartz sand was
used for the ease of observations and identification of different particle sizes during the
tests when particles were applied as a mixture limestone and quartz sand or as a mixture of
quartz sand with different particle sizes. Granular materials were classified by sieving using
standard sieves No. 30, 40, 60 and 80 to obtain medium particle size (< 0.60 mm and >
0.43 mm opening), labelled as L40 and Q40, and fine particle size (< 0.25 mm and > 0.18
mm opening), labelled as L80 and Q80, for limestone (L) and quartz sand (Q).
Compositions of granular materials were analyzed by Energy Dispersive Spectroscopy
(Field Emission SEM JEOL 6330 with EDS “Thermo”). Experiments were performed with
tap water and deionized water (room temperature 20-22 ºC). There was no difference in
the aggregation phenomenon observed between tap water and deionized water, and the
results reported here are given for the experiments conducted with tap water. The fact that
electric force, which is caused by charges, 𝜎, and pushes a particle to water phase, does not
depend on salinity, or NaCl concentrations, Danov et al. (2004), supports the use of tap
water.
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A 50-mL beaker was filled with 40 mL of tap water; 0.5 mL hydrophobic liquid
was added on the water surface, using a 5-mL graduated pipette. The thickness of the
floating hydrophobic liquid phase (1.6±0.1 mm) was controlled using a funnel with a
cylindrical section which was partially submerged to the water. Hydrophobic liquid was
added to the water surface and remained floating within the cylindrical section of the
funnel, so that the thickness of the floating hydrophobic liquid could be maintained uniform
before the particle addition. Total amount of granular material applied to the surface of the
floating hydrophobic liquid was 1.0±0.1 g.
Selected characteristics of the granular materials and physical properties of the
liquids used during the experiments are provided in Table 1 and Table 2. The visual and
SEM images of the granular materials are presented in Fig. 2.
Table 1. Characteristics of the granular materials.
Dielectric
Average particle
Atomic
a
Granular material
radius
compositionb
constant , 𝜖
(mm)
(% , w/w)
O 53.10
Si 19.18
Limestone, medium
0.25
7
Al 1.56
(L40)
Ca 26.15
Total 100
O 53.10
Si 19.18
Limestone, fine
0.10
7
Al 1.56
(L80)
Ca 26.15
Total 100
C 41.72
O 34.00
Quartz sand, medium
Al 2.82
(brown)
0.25
4
Na 1.11
(Q40)
Si 19.06
K 1.30
Total 100
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Quartz sand, fine
(green)
(Q80)
a
b

0.10

C 37.85
O 34.98
Al 0.56
Si 24.62
Cl 1.98
Total 100

4

Hubbard et al., 1997.
Determined by Energy Dispersive Spectroscopy (EDS).

Table 2. Selected physical properties of the liquids.
Interfacial tension
Viscosity Density
Liquid
with water
(cSt)
(kg/m3)
(mN/m)

Surface
tension
(mN/m)

Tetradecane

2.1a

758a

52.2b

26.2a

Silicone oil

10
100

930c
965c

45.8d
46.2d

20.1e
20.9e

South Louisiana
crude oil

10.1f

856f

15.5f

26.1f

Water

1.0

1000

-

72.8g

a

Yaws, 1999.
Demond and Lindner, 1993.
c
Power Chemical, Silicone oil, 2006.
d
Padron Aldana, 2005.
e
Sigma Aldrich, Silicone oils, 2016.
f
US EPA, 2003.
g
Water-air at 25º C.
b
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a

b

0.5 mm

0.5 mm

c

d

0.5 mm

0.5 mm

e

f

Figure 2. Granular materials: a. fine limestone, L80; b. medium limestone, L40; c. dyed
fine quartz, Q80; d. dyed medium quartz, Q40; e. SEM image of fine quartz, Q80, and
f. SEM image of fine limestone, L80.
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Results
Electrostatic force impact
Theoretical calculations for the electrostatic force were based on the methodology
provided in Danov et al., 2006.
If electrostatic force FE > 0, the hydrophobic liquid-water boundary repels the
particle (i.e., distance from the oil-water interface, s, increases), and if FE < 0, the phase
boundary attracts the particle (i.e., distance from the oil-water interface, s, decreases). The
sign of FE is defined by 𝛽23, which is negative in our case.
The numerical results supported the observations for the series of experiments
conducted. In our case 𝜖1 > 𝜖2 , 𝛽12 > 0, and f > 1 for both granular materials used (quartz
and limestone) (Fig. 3a). It means that force coefficient f (and electrostatic force) increases
with the larger value of 𝛽12, which is 0.32 for quartz and 0.55 for limestone. Electrostatic
force as a function of the dimensionless distance was plotted for the quartz (𝜖1 = 4) and
limestone (𝜖1 = 7) particles with two different particles sizes (with radii 0.10 mm and 0.25
mm) (Fig. 3b).
The effect of the electrostatic forces acting on a limestone particles with fine (L80)
and medium (L40) sizes was significantly stronger in comparison to those experienced by
the quartz particles of similar sizes (fine: Q80 and medium: Q40) as presented in Fig. 3b.
This observation implied that the limestone particles were attracted to the tetradecanewater interface by the larger force than the quartz particles. The experimental observations
showed that the limestone particles were not only attracted to the interface but left the
hydrophobic phase (expelled) and transferred to the water phase, whereas quartz particles
remained in the tetradecane phase (Table 3 a,b). Within proximity to the interface (small
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s/R ratio), the force values for fine limestone (L80: -0.24 mN) are very different from the
medium limestone (L40: -1.51 mN). However, regardless of their size, limestone particles
behaved similarly (i.e., both fine and medium sizes were expelled from the hydrophobic
phase), suggesting that there is a critical range of values of electrostatic force, below which
particles prefer to transfer to the water phase. Quartz particles of both particle sizes
remained within tetradecane phase (Table 3c) and their preferential positioning did not
depend on the particle size as well.
The behavior of the limestone particles in crude oil differed significantly (Table 3d
and 3e) as they did not leave the hydrophobic liquid-water interface, but remained at the
distance close to s = 0. The dyed quartz particles of both sizes were applied on the crude
oil slick and remained submerged into the crude oil (forming and aggregate) (Table 3f).
The fact that limestone particles were held at the interface with crude oil might be
due to the higher viscosity of the crude oil in comparison to tetradecane. Dynamic viscosity
of tetradecane is almost five times lower than the viscosity of South Louisiana Crude oil
(Table 2). We conducted additional experiments using silicone oil with different viscosities
to test this hypothesis. As the images in Table 3g-j show, the behavior of limestone and
quartz particles in silicone oil with 100 cSt viscosity was very similar to that one observed
with tetradecane for both particle sizes. Based on the experimental observations, viscosity
of the hydrophobic liquid did not affect the positioning of the particles.
As shown in Fig. 2, surface of limestone is soft (Fig. 2a-d) and not as smooth as
quartz sand used (Fig. 2e, f) with some small particles (nano scale range of sizes) detaching
from limestone due to contact and friction between the particles. When very small
limestone particles (average particle radius < 0.004 mm) were applied to the hydrophobic
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phase (tetradecane), we observed that they were able to create globules of tetradecane
floating just below the water surface (Table 3k). The hydrophobic phase of tetradecane did
not submerge entirely because the amount of limestone present (forming an encapsulation)
was not sufficient to overcome the gravitational forces. Unlike the particles with larger
sizes, very fine (micro to nano scale) limestone particles exhibited very different behavior.
Noticeable differences in the behavior of micro scale and micro/nano scale
limestone particles depicted by images (l) and (m) in Table 3, where a mixture of limestone
with medium and very fine particle sizes was applied on the floating silicone oil in water.
The submerged globules of hydrophobic phase were selectively encapsulated by only very
fine limestone particles, with medium size particle being expelled from the hydrophobic
phase.
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a
Force coefficient, f

1.90

Q40,80

β12 = 0.55 (limestone)

L40,80

1.75
1.60
1.45

β12 = 0.32 (quartz)
1.30
1.15
1.00

1.0E-05 1.0E-04 1.0E-03 1.0E-02 1.0E-01 1.0E+00 1.0E+01
Dimensionless distance, s/R

0.0

b
-0.2
-0.4

Force, mN

-0.6
-0.8
-1.0

Q80
L80
Q40
L40

-1.2
-1.4

-1.6
1.0E-05 1.0E-04 1.0E-03 1.0E-02 1.0E-01 1.0E+00 1.0E+01
Dimensionless distance, s/R

Figure 3. a. The force coefficient for the limestone and quartz sand particles in
tetradecane. The dimensionless distance s/R represents the relation of a particle to the
tetradecane-water interface (s: distance to interface, R: Particle radius); 𝛽23 = – 0.95
(attraction to the tetradecane-water interface). b. Interaction energies of particles with
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different radii as a function of the dimensionless distance. Line Q80: fine quartz particles,
R1 = 0.10 mm; line Q40: medium quartz particles, R2 = 0.25 mm; line L80: fine limestone
particles, R1 = 0.10 mm; and line L40: medium limestone particles, R2 = 0.25 mm.

Table 3. Preferential positioning of granular particles at the hydrophobic liquid-water
interface.
Particle-interface preferential
positioning observations*

Average
Particle
radius
(mm)

Dominance of
electrostatic force FE of
the granular materials

Dyed fine quartz Q80
Fine limestone L80
Tetradecane

0.10
0.10

FE L80 >> FE Q80

Dyed medium quartz Q40
Medium limestone L40
Tetradecane

0.25
0.25

FE L40 >> FE Q40

Dyed fine quartz Q80
Dyed medium quartz Q40
Tetradecane

0.10
0.25

FE Q80 ≈ FE Q40

Dyed fine quartz Q80
Fine limestone L80
Crude oil

0.10
0.10

FE L80 > FE Q80

Particles and liquids

a

b

c

d
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e
Dyed medium quartz Q40
Medium limestone L40
Crude oil

0.25
0.25

FE L40 > FE Q40

Dyed fine quartz Q80
Dyed medium quartz Q40
Crude oil

0.10
0.25

FE Q80 ≈ FE Q40

Dyed fine quartz Q80
Fine limestone L80
Silicone oil 10 cSt

0.10
0.10

FE L80 >> FE Q80

Dyed fine quartz Q80
Fine limestone L80
Silicone oil 100 cSt

0.10
0.10

FE L80 >> FE Q80

Dyed medium quartz Q40
Medium limestone L40
Silicone oil 10 cSt

0.25
0.25

FE L40 >> FE Q40

Dyed medium quartz Q40
Medium limestone L40
Silicone oil 100 cSt

0.25
0.25

FE L40 >> FE Q40

f

g

h

i

j
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k
< 0.004

FE L200 is small due to
small radius

Very fine limestone L<200
Medium limestone L40
Silicone oil 10 cSt

< 0.004
0.25

FE L40 >> FE L200

Very fine limestone L<200
Medium limestone L40
Silicone oil 100 cSt

< 0.004
0.25

FE L40 >> FE L200

Very fine limestone L<200
Tetradecane

l

m

*

Experimental results for the numerical analysis: quartz and limestone particles submerged into
tetradecane (images a, b, c) and crude oil (images d, e, f) in water. Images (a) and (d), and (b) and
(e) are mixtures of quartz and limestone particles of the same size applied simultaneously on the
floating on water hydrophobic phase. Images (c) and (f) present a mixture of quartz particles of the
two different sizes applied simultaneously on the floating on water hydrophobic phase. Images (g)
and (i) illustrate quartz and limestone particles submerged into silicone oil of 10 cSt, and images
(h) and (j) show similar for silicone oil of 100 cSt. Globules of tetradecane in water encapsulated
with very fine limestone are presented in image (k). Positioning of limestone particles of very fine
and larger sizes applied at the floating silicone oil in water is illustrated by images (l) and (m).

130

Gravitation force impact

0.30

L80

0.25

Bo

L40
0.20

Q80

0.15

Q40

0.10
0.05
0.00
tetradecane

crude oil

silicone oil
10 cSt

silicone oil
100 cSt

Figure 4. Comparison of the Bond numbers for the granular materials with different sizes
submerged into the hydrophobic phase. (Q80: fine quartz particles, R1 = 0.10 mm; Q40:
medium quartz particles, R2 = 0.25 mm; L80: fine limestone particles, R1 = 0.10 mm; and
L40: medium limestone, R2 = 0.25 mm).

As presented in Fig. 4, Bond numbers for the limestone particles of both sizes in
the tetradecane phase are lower than those for the quartz particles due to lower density of
limestone than quartz (1980 and 2560 kg/m3 for limestone and quartz, respectively). The
smaller values of Bond number indicate lower gravitational forces acting on a particle in
comparison to forces due to interfacial tension. However, the experimental observations
(Table 3) showed the opposite behavior, such that the limestone particles crossed the
interface (i.e., moved from the hydrophobic phase to the water phase) despite the
gravitational force acting on them is smaller than the gravitational force acting on the quartz
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particles. Additionally, Bond numbers for crude oil are higher (due to lower interfacial
tension), however, limestone particles remained at the interface. We observed that, when
the effect of gravitational force is negligible, Bond number does not adequately describe
the behavior of a particle at the hydrophobic liquid-water interface and may not be
appropriate for analysis of such systems (i.e., for particles with micro and nano scale
diameters). The study by Danov et al. (2004) describes that even for particles as large as
0.40-0.60 mm in diameter at the oil-water interface, the interfacial deformation is
dominated by the forces of electric nature, not gravitational, or FE >> FG (e.g., glass
particles at the tetradecane-water interface). However, for particles that are millimeter and
larger, gravitational force becomes dominant and Bo number has more relevancy.

Discussion
Based on the comparison of the experimental observations and theoretical analyses
of the electrostatic force and the gravitational effects on the granular particles, the
theoretical results did not support the assumption that particle positioning at the liquid
interface can be theoretically linked to gravitational force (heavier particles of quartz
stayed within the hydrophobic phase while limestone particles did not). Electrostatic force
would cause predominant effect on the positioning of a particle, FE >> FG then FT = FE.
The possible explanation for the observed phenomenon of variations in preferential
positioning of the granular materials may relate to the differences in surface charge and
reactivity between the quartz and limestone particles. Carbonate surface group interacts
with up to three water molecules (Wolthers et al., 2012), whereas in natural quartz particles
(sand) the SiO2:H2O ratio is less than 1:2 (Júnior and Baldo, 2014). The dyed sand had

132

carbon content around 40% by weight (Table 1) which decreased the reactivity of its
surface in comparison to that of pure quartz. The difference in surface charges (and
electrostatic forces) of dyed sand and limestone becomes very significant, hence, affects
the positioning behavior of the particles. Limestone, which has active surface properties
(in comparison to quartz which is inert) possesses higher surface charge, or higher zeta
potential. Therefore, limestone particles were able to cross the tetradecane-water interface,
leaving the non-reactive tetradecane phase. Zeta potential of aqueous limestone decreased
with the addition of crude oil (Bassioni and Taqvi, 2015) and that is why limestone particle
were held at the crude oil-water interface. Polar fractions of crude oil (asphaltenes and
resins) affect zeta potential and surface charge of a particle, as asphaltenes possess positive
charges and resins are negatively charged (Gonzales et al., 2003). Thus, the surface of
limestone particles, being submerged into crude oil, became less reactive with water
molecules, having polar molecules of crude oil adsorbed to it. As a result, limestone
particles remained submerged within the crude oil phase.
In case of larger limestone particles, due to their relatively high surface reactivity
with water, they were driven through hydrophobic liquid-water interface, and able to cross
the interface and transfer to the water phase. However, very fine limestone particles were
of the same nature but remained attached at the interface (Table 3k-m) as their total surface
charge strongly decreases with size (Q ~ R2). From this perspective, electrostatic force’s
relative effect, as the major force that controls the positioning of the particles in different
hydrophobic liquids, is presented in Table 3.
It is important to note that slight differences in material composition (dyed quartz
sand versus pure quartz) affect surface characteristics, resulting in differences in
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preferential positioning of particles. The experimental observations showed that the effect
of the charge difference is more significant than the effect of the size difference in
determining the position of a particle in a hydrophobic liquid, hydrophobic liquid-water
interface, and water phase.

Conclusions
The behavior of the quartz and limestone particles in the submerged hydrophobic
phase was evaluated and compared with theoretical analyses which included considerations
of the electrostatic interactions and gravitational force.

Particles showed noticeably

different behavior in their phase preference depending on their size and material type.
Quartz particles preferred to remain within the hydrophobic phase (average particle radii
0.25 and 0.10 mm), whereas the behavior of limestone particles of the same size was the
opposite, except for the very fine particles (average radius < 0.004 mm) and when the
hydrophobic phase was crude oil. As the effect of gravitational force was negligible, Bond
number, which was often used for such systems, did not adequately describe the behavior
of a particle at the hydrophobic liquid-water interface. The particles’ positioning effect was
related to electrostatic force (surface charge) and reactivity differences of the granular
materials.
The phenomenon we study is of high interest as it presents a novel oil spills
treatment method, which is simple, inexpensive and environmentally friendly.
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